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Shock-Induced Solid–Solid Reactions
and Detonations

Yu.A. Gordopolov, S.S. Batsanov, and V.S. Trofimov

5.1 Introduction

In this chapter, we consider the theoretical and practical aspects of shock
wave processes in condensed media, including solid–solid detonations (SSDs),
i.e., conversion of solid-phase reactants to solid-phase products [1]. Numerous
experimental data imply that shock processing may be used to induce very
fast chemical reactions in compacted reactive powder mixtures.

It is known [2] that a shock wave process is a kind of motion in a continu-
ous medium which is accompanied by propagation of special waves (shocks) at
a hypersound velocity. A shock (sudden change) represents a thin, relatively
stable zone within which elementary volumes of matter spasmodically change
their velocity and density. Depending on the properties of the medium, either
compression or rarefaction shocks can be formed. Since rarefaction shocks are
encountered infrequently, in further discussion we will deal only with com-
pression shocks.

Within the shock, the medium may undergo various physicochemical trans-
formations (chemical reaction, phase transition, collapse of pores, etc.). Shocks
without transformations and shocks in chemically inert porous media are nor-
mally termed “shock waves.” The shocks accompanied by physicochemical
transformations are termed either “shock waves” or “detonation waves,” de-
pending on the type of transformation. The difference between shock waves
and detonation waves will be discussed later. Now let us only note that a lead-
ing shock in a self-propagating shock wave process in condensed explosives or
reactive gaseous mixtures can be classified as a detonation wave. Concern-
ing other shock wave processes, the difference between shock and detonation
waves is a subject of controversy and argument.

The width of shocks without transformation of matter is comparable to
the free path of molecules in gases or to intermolecular distance in condensed
matter [2]. As a mathematical image of such a shock, the notion of a traveling
finite discontinuity surface can be used. The width of a shock accompanied
by transformations of matter is greater by several orders of magnitude. For
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instance, in powder mixtures the shock width is comparable to the particle
size. Nevertheless, in some cases the shock with transformation can also be
modeled as a surface of finite discontinuity.

It is believed that a self-sustained shock wave process (detonation) may
develop only in condensed explosives or reactive gaseous mixtures where the
reaction is accompanied by vigorous gas evolution. The possibility of deto-
nation in systems that react without evolution of gases (so-called gas-free
detonation) has been predicted theoretically [3], and a quantitative thermo-
dynamic criterion for this to occur in any condensed media was suggested
in [3] and then specified in [4] (see Sect. 5.4.4).

5.2 Shock-Induced Solid–Solid Reactions

5.2.1 Experimental Observations

For the first time, the occurrence of shock-induced solid–solid reactions (SSRs)
was detected in experiments with recovery fixtures [5]. A key point here is the
duration of the SSR. When the reaction is accomplished in microseconds (i.e.,
within the high-pressure zone), one can expect nontrivial results. Otherwise,
the reaction will proceed upon unloading as a result of heating. In this case, we
deal with conventional thermal reactions. The reaction time can be measured
by the kinetic method suggested in [6]. But since such shock wave experiments
are difficult to carry out even in well-equipped laboratories, we have to seek
other indirect ways to resolve the problem.

The reaction time can be measured directly or indirectly, by the pres-
ence/absence of high-pressure phases in synthesized products. Here we will
analyze the available experimental data with special emphasis on the mech-
anism of ultrafast transport phenomena taking place during SSRs within the
shock wave.

5.2.2 Temperature Measurements

Our temperature measurements [7–11] for the Sn–S system allowed us to
gradually decrease the inertia of experiments from 10−1 s to below 10−4 s
through the use of thinner and thinner wires and foils. These measurements
were conducted in recovery ampoules rigidly fixed to a massive steel plate.

Shock experiments were carried out under similar conditions [standard
steel ampoule, high explosive (HE) RDX, porosity of samples about 30%] with
powders of Sn, S, SnS (nonreactive powders), and Sn–S (reactive mixture).
The residual temperature (in 10−1 s after explosion) was found to be 110, 120,
130, and 1,110◦C, respectively.

For the complete conversion Sn + S → SnS, the product temperature is
expected to be 1,960◦C (ΔHr = 110.2 kJ mol−1, cp = 49.3 J kmol−1). This im-
plies that the degree of conversion was around 0.56 (obtained as a ratio of the
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measured temperature of 1,110–1,960◦C, corresponding to 100% conversion).
The recovered sample data showed that the reaction occurred largely within
the axial region of the cylinder (in the so-called Mach stem). The conversion
degree and product composition (SnS or SnS2) were found to depend on the
particle size of the original powder, which is indicative of SSRs. The above
conclusion was also supported by calorimetric data.

Further improvement in the time resolution of temperature measurements
was achieved by using optical pyrometry. For the systems Al–Fe2O3 [12],
Ni–Al [13, 14], Sn–S [15], and Sn–Te [16], taken as examples, the reaction
was completed within 10−7 s. In 10 ns, the temperature of the Sn–S mixture
was found to reach 1,300◦C [15]. The bell-shaped dependence of ΔT on p
(curve 3 in Fig. 5.1) implies that the reaction may proceed only within a lim-
ited range of p: with increasing p, the formation of SnS (accompanied by an
increase in v) is promoted, while ΔHr tends to decrease [17].

The temperature profile for shock-induced SSRs of Mg, Al, and Ti with
S was measured in real-time experiments [18, 19]. In the above-mentioned
mixtures, SSRs proceed within 50 ns behind the shock front at a conversion
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Fig. 5.1. The pressure dependence of T and ΔT for the Sn + S mixture. 1 inert
mixture (T1), 2 reactive mixture (T2), and 3 ΔT = T1 – T2 [15]
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Fig. 5.2. Brightness temperature Tbr versus time t for the shock-induced solid–solid
reaction of Mg with S [18,19]

degree of 0.2 for Mg–S and 0.5 for Al–S. Optical measurements with the Al–
S system have shown that the reaction kinetics depends on the size of the
reactive particles, which is also indicative of SSRs.

In the case of the Mg–S system loaded with a cast TNT–RDX explosive
[18, 19], the primary peak was found to be followed by a subsequent gradual
rise in temperature caused by the reaction taking place after the drop of
pressure (Fig. 5.2). Such behavior is similar to that in the recovery ampoule.

5.2.3 Kinematic Measurements

A well-known example of ultrafast reactions is the detonation of HEs: this
involves an intramolecular process which is not controlled by diffusion. It has
been established experimentally that shock-induced solid–gas reactions can
be accomplished in microseconds [20, 21]. A similar situation was observed
under shock compression of the Pb(NO3)2–Al system. The curves of shock
compression for Pb(NO3)2 and Pb(NO3)2 +5% Al systems [22] show that, for
p > 3.5GPa, the reaction is accompanied by an increase in p.

The diffusion rate in solids is known to be exceedingly slow: 0.1–1.0 mm s−1

under normal conditions and even slower under high pressure [2]. For this
reason, an ultrafast SSR within the shock appears unlikely.

In view of this, the observed [23] shift of the curve of shock compres-
sion for the Sn–S mixture for p ≥ 15GPa toward greater v and/or p seemed
unexpected. The kinematic measurements [23] gave a conversion degree of
0.27 ± 0.1 in 0.5 μs after explosion, which agreed qualitatively with temper-
ature measurement data (see Sect. 5.2.2). Later, the kinematic measurement
data confirmed the occurrence of SSRs in the Sn–Te system for p ≥ 45GPa [16]
and in the Ti–C mixture for p ≥ 7.5GPa [24] (Fig. 5.3).
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Fig. 5.3. Shock adiabat (1) and shock compression curve (2) for the Ti–C system
(relative density 0.7, grain size 20 μm for Ti and 5 μm for C) [24]

The measured shock velocity in the Mn–S mixture (2.3 ± 0.5 km s−1) was
associated with the action of HE [25]. Preliminary heating of the Zn–Te system
up to 150◦C was found [26] to increase the velocity of shock from 2.3 to
3.3 km s−1 owing to the occurrence of a SSR. Recently, Xu and Thadhani [27]
reported on the shock-induced SSR of Ti with Ni accompanied by a volume
increase and shock acceleration at 3.2 GPa.

Since 1993, some shock-induced microsecond-scale chemical reactions have
been detected with piezoelectric gauges [28–30].

5.2.4 Mechanical Consequences in Recovery Ampoules

The aforementioned experimental techniques are expensive and labor-
consuming. For this reason, they are unsuitable for express evaluation of
the reaction time in recovery ampoules. Since SSRs take place largely within
the axial part of cylindrical ampoules (in the Mach stem, whose diameter
depends on the type of energy conversion in a shock), the occurrence/failure
of SSRs can be readily inferred from the diameter d and thickness b of the
so-called spall plate formed upon explosion [31].
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The experiments were carried out as follows. Cylindrical ampoules con-
taining a sample (surrounded by a cylindrical charge of RDX) were placed
on a 1-mm-thick steel plate. After explosion, the diameter (d) and the depth
(bsp) of the spall on the bottom of the recovery ampoule were measured.

For instance, the shock compression of Sn–S (D0 = 6.2 km s−1) gave
d = 2.5mm and bsp = 1.5mm, while that of SnS (an inert compound) gave
d = 1mm and bsp = 0.5mm (the velocity of the spall plate being 4.2 km s−1

in both experiments). According to our estimates, the kinetic energy of the
spall plate (per mole of SnS) attained a value of 60 and 3 kJ mol−1, respec-
tively. The difference (57 kJ mol−1, or 0.3ΔHr) is input to the power of the
Mach wave. Since the yield of SnS in the Mach stem is also about 0.3 (see
Sects. 5.2.2, 5.2.3), the technique described above can be used as a method
for express evaluation.

Similar experiments with the Ti–C (D0 = 6.2 km s−1) and Zn–S (D0 =
7.2 km s−1) systems [32] have led to formation of TiC and ZnS in yields of 7
and 90%, respectively.

5.2.5 Solid–Solid Syntheses

The formation of high-pressure phases can be regarded as evidence for the
occurrence of chemical reactions within the high-pressure zone. The known
SSRs can be subdivided into the reactions of decomposition and synthesis.
Decomposition reactions require no mass transport and can proceed exceed-
ingly fast. In contrast, synthesis reactions need some time for the dispersion
of matter, intermixing, and growth of product grains.

Since water under high pressure is known to acquire the properties of acid,
it can be expected to dissolve the metals preceding hydrogen in the electro-
chemical series. We carried out [33,34] the shock compression of a frozen (with
liquid nitrogen) suspension of Zn powder in water in a cylindrical recovery am-
poule (D0 ≥ 6.2 km s−1). Analysis of the recovered product showed formation
of ZnO in the reaction Zn + H2O → ZnO + H2.

Similar behavior was exhibited by other acid-soluble metals (B, Al, Ga,
Ge, Ti, Zr, Nb, Cr, Mo, W, Mn) [33, 34]. To reduce the residual tempera-
ture, the experiments [35] were carried out as shown in Fig. 5.4: products of
shock compression were scattered into a big container. In this geometry, we
synthesized the cubic (high-pressure) phase of ZrO2 [35].

In the same year, Sekine [36] synthesized hexagonal diamond (lonsdaleite)
through the shock-induced reaction MgCO3 + Fe → MgO + FeO + C.

The data given above demonstrate that shock-induced SSRs can actually
occur on a microsecond time scale.

Let us now consider additional evidence for the shock wave character of
SSRs. Shock wave experiments can also be used to enter the region of negative
pressures (stretching material until it fails). In this region, phase transforma-
tions may lead to the formation of loose material and structures that cannot
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Fig. 5.4. Shock experiments with quenching of products upon scattering. 1 recovery
ampoule, 2 high explosive, 3 mixture under study, 4 detonator [33,34]

form at p ≥ 0. Back in 1965, we carried out the shock compression of tur-
bostratic BN to obtain a new modification of BN termed the “E phase” (from
“explosion”) [37]. Later, the synthesis of E-BN was reproduced by other work-
ers [38–44].

E-BN : a = 11.14, b = 8.06, c = 7.40 Å, ρ = 2.50 g cm−3

C60 : a = 11.16, b = 8.17, c = 7.58 Å, ρ = 2.50 g cm−3

The cell parameters and the density of E-BN are close to those of the fullerene
C60 synthesized 20 years later [45]. The stabilization of E-BN requires the
presence of several percent boron oxide [46].

The shock compression of Nd2O3 led to the synthesis of E-Nd2O3 [47]. The
spectral data show the presence of SiO2 (approximately 30 wt%) originating
from the spalls split from the bottom and walls of the recovery ampoule. The
density of E-Nd2O3 is as low as 1.6 g cm−3 (cf. 7.42 g cm−3 for Nd2O3 and
2.65 g cm−3 for quartz). A very small number of single crystals were also iso-
lated. They had a monoclinic unit cell (a = 7.5, b = 8.7, c= 10.3 Å, β = 104◦)
and very low refractive indices (ng = 1.57, nm = 1.56, np = 1.54; cf. n = 2.10
for Nd2O3). This material is insoluble in acids and alkalis and is highly heat
resistant (heating is accompanied by reversible thermochromism: from white
to violet). The attempts to obtain this compound by shock compression of
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Nd2O3 mixtures with Si, SiO, or SiO2 were unsuccessful: at any equivalence
ratio, the reaction only yielded neodymium silicates with high ρ and n.

Shock compression of the Zr + 2S mixture in a steel recovery ampoule
yielded ZrS2 with low lattice parameters. Analysis showed that this product
is present as the Zr1−xFexS2 solid solution, iron originating from the walls of
the recovery ampoule. However, shock compression of the ZrS2 + Fe mixture
did not yield the above-mentioned solid solution [48]. Furthermore, such solid
solutions cannot be prepared by heating (upon heating, Zr1−xFexS2 undergoes
decomposition into ZrS2 and FeS).

Shock-induced compression can also be used to synthesize new compounds
from reagents with close electronegativity (ΔHr

∼= 0). Kikuchi et al. [49] ob-
served the formation of Ta2O5 under shock compression of SiO2 in a recovery
ampoule with tantalum walls, although under normal conditions the redox
reaction Ta + SiO2 is thermodynamically unfavorable.

It is noteworthy that E phases in shock-compressed BN and Nd2O3 are
only formed in the axial part of a cylindrical recovery ampoule, provided
that voids are formed within this area. The latter is a result of tensile
stresses arising upon irregular impact of shock waves. Having noticed this
fact, we undertook [50, 51] special syntheses of germanium halcogenides in
cylindrical ampoules equipped with a large container for scattering shock-
compression products (Fig. 5.4). All shock-synthesized compounds (GeSSe,
GeSTe, GeSeTe) were found to have ρ values lower than those of thermally
synthesized products (and even the original mixtures). Upon heating, these
compounds underwent an exothermal transition into normal (higher-density)
phases [50,51]. In our laboratory, we succeeded in synthesizing numerous other
loosely packed modifications, which opened new horizons for shock chemistry
at negative pressures.

Yet another type of “loose” material (foams) can be prepared by shock
compression in very strong recovery ampoules. A mixture of the substance
under study and a small amount of HE were placed into a cylindrical am-
poule. Upon explosion of the outer charge and compression, the inner charge
detonated and formed a strong highly porous material. The foam density was
found to depend on the substance to HE equivalence ratio [52]. Foams are
formed owing to contact melting (gluing) of grains; therefore, this technique
is not applicable to the synthesis of high-melting materials (e.g., MoSi2). Nev-
ertheless, for the Mo + 2Si + HE mixture, the ΔHr value turned out to be
sufficient for formation of the MoSi2 foam.

The data given above unequivocally show the feasibility of a SSR within
the zone of high pressure or rarefaction on a microsecond time scale. This is
also supported by the observation that the exothermic (ΔHr > 0) reaction
within the axial part of the recovery ampoule does not spread over the en-
tire shock-compressed sample. The conversion degree within the Mach stem
is about 30%. Had this transformation happened upon unloading, the high
temperature attained would have been sufficient for initiation of the reaction
over the entire volume of the ampoule. According to [53], this does not happen
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owing to the extremely high pressure in the Mach stem, which leads to a de-
crease in temperature and, accordingly, to a low density of shock-synthesized
product.

5.2.6 Mechanism of Ultrafast Diffusion

The aforementioned data require a nontrivial explanation because the veloc-
ity of conventional diffusion in solids is several orders of magnitude lower
than that which ensures chemical reactions take place on a microsecond time
scale. Numerous suggestions have been made regarding possible mechanisms
for acceleration of diffusion in shock-compressed materials: large defect con-
centrations and plastic deformation, heterogeneous heating of components,
shear strain, plastic flow to hot spots (as in explosives), and phase transitions
in components leading to the breakup of the crystal lattice (hence to a de-
crease in the activation energy). Although all of these factors do accelerate
diffusion, they seem insufficient for explaining the entire set of experimental
data.

To rationalize the data, we suggested the fluid-dynamic model of ultrafast
(forced) diffusion caused by a difference in the particle velocity of the com-
ponents in shock-compressed matter [23, 54]. This model has been confirmed
experimentally [55–58]. In terms of this model, complete intermixing of par-
ticles is achieved owing to penetration of rapidly moving particles into slowly
moving particles. The relative velocity of their motion can be determined as
follows.

Let us consider rapid compression of some elementary volume of matter
from p0 to some p (p0 
 p). Given that the compression time t 
 d/c (d is the
characteristic diameter of the elementary volume, c is the sound velocity), the
work of pressure forces will be roughly equally distributed between the internal
and the kinetic energy. The specific kinetic energy will attain an approximate
value of

ū2/2 = − (Δp/Δv) /2, (5.1)

where ū is the rms particle velocity.
Expression (5.1) coincides with that determining the particle velocity of a

shock [1]; hence, the value of ū for each reagent of a powder mixture can be
estimated from its shock-compression curve. Given that both reagents have
identical shock compression curves, their ū values are identical, so the forced
diffusion is nearly absent. Conversely, in the case of different shock adiabats,
the forced diffusion does take place. In this case, Δū can be regarded as the
velocity of forced diffusion.

Accordingly, the time of diffusion τ (intermixing), and hence the reaction
time, can be estimated from the expression [59]

τ = 2d/Δū. (5.2)

At Δū ≈ 1 km s−1 and d ≈ 0.1mm, we obtain τ ≈ 10−7 s. Given that the shock
adiabats for Sn, S, and Te are known, we obtain that for the Sn–S mixture
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(d = 100 μm) a value of τ = 0.3 μs can be attained at p = 10GPa, while for
the Sn–Te mixture (d = 100 μm), a value of τ = 0.8 μs can be attained at
p = 50GPa. These estimates agree reasonably with experiment.

It follows that, under conditions of shock compression, the velocity of
forced diffusion can be sufficiently large. This means that the SSD in charges
with reasonable dimensions can be expected to occur, provided the thermo-
dynamic criterion suggested in [4] is satisfied.

5.3 Shock-Induced Solid–Solid Detonation
in Zinc–Sulfur Powders

As can be inferred from Sect. 5.1, SSD at some certain conditions can be
expected to occur when the criterion of detonation ability [4] is satisfied,
although the SSD in a given system may proceed exceedingly slowly. But this
means that in the systems that do not fit the thermodynamic criterion [4],
SSD will never occur in principle.

The criterion [4] can be written in the form

Qp,v > 0 or Δvp,h > 0. (5.3)

Unfortunately, the reference data necessary for calculating (5.3) are often
lacking in the literature. For the Mn–S and Al–S systems, we could perform
only rough estimations: the Mn–S system was found to be unsuitable, but the
Al–S system was suitable for observation of SSD. We managed to strictly apply
criterion (5.3) only to the systems Zn–Se, Zn–Te, Cu–S, Ti–C–Al–paraffin, and
Zn–S.

For control experiments, we chose the reaction Zn+S → ZnS [60]. We have
calculated the parameters of ideal detonation in the compact Zn–S system
(ρ0 = 3.87 g cm−3): D0 = 2,500m s−1, pCJ = 3GPa [61]. These values are
close to those typical of detonation in condensed HEs. The possibility of SSD
in the Zn–S system was also supported by the experimental data [62].

We assume that the most convincing evidence for the occurrence of SSD is
the reacceleration and intensification of the shock wave in a given medium [4].

5.3.1 Initiation of Detonation

Our preliminary results [61] confirmed the possibility of SSD in Zn–S charges
(ρ0 = 1.33 g cm−3, 20×20×60mm3 in size) placed into a thick-walled (5-mm)
steel ampoule tightly closed with a 2-mm cover plate. Explosion was initiated
with an electrically exploding wire from the bottom. In this geometry, we
observed the following two phenomena.

One was a loud clap and the other was strong plastic deformation of the
cover plate (Fig. 5.5). Our rich experience in the field suggests that such a
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Fig. 5.5. A deformed cover

deformation can be caused by a pressure of several hundred atmospheres. The
resultant temperature of the ampoule was below 50◦C.

In other runs, the process proceeded smoothly, without noticeable defor-
mation of the cover plate. The resultant temperature was above 100◦C, but
below 800◦C. The extent of conversion into ZnS attained a value above 80%.
According to [61], the former process can be regarded as detonation and the
latter one as slow combustion of the Zn–S powder mixture.

In further experiments, we measured wave velocities for both processes.
A low velocity can be due to the fact that the detonation develops in two
stages: first, only a small amount of the Zn–S mixture reacts, and this wave of
incomplete combustion turns off our gauges; then the detonation wave begins
to propagate over a preheated mixture.

We have evaluated the lower limit for the pressure p that caused the de-
formation of the cover (Fig. 5.5): p = 360 atm. In the case of a slow reaction,
the p value evaluated did not exceed 80 atm.

At present, similar experiments with longer ampoules (where the proba-
bility of detonation onset is higher) are in progress.

5.3.2 Direct Measurement of Detonation Velocity

In our experiments [63], we used an equimolar powder mixture of Zn and S.
The highly exothermic reaction Zn+S → ZnS proceeds without gas evolution
and, owing to thermal expansion of the product, satisfies condition (5.3). The
particle size of Zn and S powders was 3–5 μm, while the sample density (ρ)
was 0.6–0.7 of the theoretical value.

The experimental setup is shown in Fig. 5.6. A mixture was pelleted into
cylinders 16.5 mm in diameter and 40–200 mm long. Samples were placed in a
tubular container made of a porous composite (with a low velocity of sound)
to exclude the effect of elastic waves in the container walls on the results
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Fig. 5.6. Experimental setup. 1 detonator, 2 high explosive, 3, 6 contact sensors,
4 Zn–S sample, 5 container (made of porous composite), 7 stand, 8 wire leads to
oscilloscopes, L gauge length

of the measurements. Shocks were generated by detonation of the charge
(TNT/RDX, 40 mm in diameter, 35 mm in height, D0 = 7.85 km s−1). In ex-
periments, we measured the time interval τ between the arrival of the shock at
sensors (contact gauges). To avoid the sample discontinuity, the gauges were
only placed on the sample top and bottom. The average velocity of shock prop-
agation through a sample was determined from the expression D̄ = L/τ . For
a sensor thickness of 200 μm, the contact gap was 100 μm. The estimated mea-
surement error (δ) was 0.6% at L = 40 mm and 0.1% at L = 200mm. Signals
from the sensors were recorded with two oscilloscopes (Tektronix TDS 1012).
The experiments were carried out at 14◦C. The data obtained are presented
in Table 5.1.

In the absence of a chemical reaction, the shock wave generated in the
sample could be expected to decay at a distance of 25–30 mm from the top.
So, a minimal sample length (40 mm) was chosen so that in the absence of
chemical replenishment the sensor numbered 6 in Fig. 5.6 would give no signal
at all. Experimental data for the trials when both sensors produced signals
are presented in Table 5.1. These data suggest that the process of shock prop-
agation was supported by the energy released in the chemical reaction taking
place in the zone of high dynamic pressure.
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Table 5.1. Experimental data for direct measurement of detonation velocity

Experimental run L (mm) D̄ (km s−1) ρ (%) δ (%)

1 40 2.27 68.1 0.6
2 60 1.30 63.0 0.2
3 75 1.64 71.6 0.2
4 90 1.39 60.7 0.2
5 100 2.55 62.4 0.2
6 150 2.195 63.5 0.1
7 150 1.915 62.4 0.1
8 200 2.169 59.4 0.1

As follows from Table 5.1, the shock velocity D̄ initially drops sharply from
a starting value of 7.85 km s−1 at the bottom of the charge to 1.30 km s−1 (at
L = 60mm) and then increases to above 2 km s−1 (for L = 100–200mm).
Some scattering can be attributed (a) to a random character of detonation
initiation at some points behind the shock wave front, (b) possible occurrence
of several detonation modes and transition processes between them [64], and
(c) some variation in the induction period for the chemical reaction. Theo-
retical estimation for an ideal detonation in the monolith matter under study
gives a value of D0 = 2.486 km s−1 [61]. If we take into consideration that
in our experiments ρ = 60–70%, the measured D̄ values agree well with the
theoretical prediction for the detonation process.

The X-ray diffraction data for the products taken at the bottom of the con-
tainer (numbered 5 in Fig. 5.6) are indicative of virtually complete conversion
of the starting mixture into ZnS (only trace amounts of Zn were detected),
which confirms the occurrence of a chemical reaction within the shock. The
effects of high temperature were also noticed on the surface of the sensor num-
bered 6 in Fig. 5.6, which also supports the occurrence of a highly exothermic
reaction.

The observed acceleration of the shock can be regarded as experimental
evidence for the occurrence of SSD in the system under consideration. When
we record a steady propagation of shock, there always exists a probability that
the observed process is weakly decaying and hence is not self-sustaining, but
the experimental accuracy is not sufficient to observe this on a limited gauge
length. In contrast, the observation of acceleration (as in our experiments)
leaves no grounds for doubting the occurrence of detonation in the material
under study.

SSD can be regarded as a new type of transport phenomenon in re-
active media. The phenomenon may find an application (e.g., in mining)
where the shattering action of explosives is being used while the presence
of gaseous products is not desirable. Just like solid-state synthesis by combus-
tion, detonation-mediated synthesis in the solid state may also prove useful
for preparation of various compounds and materials.
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5.4 Thermodynamic Fundamentals of Solid–Solid
Detonation

5.4.1 Basic Assumptions

The general theory of shock wave processes [2] does not differentiate between
gases and condensed media, including powder systems. In numerous mono-
graphs on condensed HEs (e.g., [64,65]), little or no attention has been given
to the thermochemical aspects of shock wave processes. In this section, we
will try to fill this gap.

The notion of the thermal effect of a reaction is basic in the physics of
explosions [64,65]. Meanwhile, this notion has not been strictly defined yet in
relation to shock wave processes. To fill this gap, let us apply the first law of
thermodynamics to an element or microscopic particle of a reactive medium.
For irreversible processes starting in the metastable state, it can be written
in the form

Δe = Δq − ΔA. (5.4)

Expression (5.4) follows from the classical definition of internal energy [2,66]:
the specific internal energy e is a specific measure of the entire internal motion
in the element under consideration, including the energy of chemical bonds.

Let us consider the consequences of (5.4) under the following assumptions
adopted in thermochemistry:

(a) The mechanical work A in (5.4) is defined by the expression

dA = −p dv. (5.5)

(b) In our case, local thermodynamic states of matter can be assumed to
be in equilibrium or quasi-equilibrium (metastable). For each of these
states, the following thermodynamic functions (variables) can be defined:
specific internal energy e, pressure p, specific volume v or density ρ = 1/v,
absolute temperature T , and specific entropy s. Accordingly, the following
relationships hold: p ≥ 0, v > 0, s ≥ 0, T ≥ 0 and s = 0 at T = 0.

(c) Each local thermodynamic state is completely defined by a finite num-
ber of parameters. First, these are any pair of the above thermodynamic
variables which fully define only equilibrium states of medium. Second,
this is some set (n ≥ 1) of independent scalar inner characteristics
of matter (chemical/phase composition, porosity, grain size, etc.). The
chemical/phase composition can be characterized by a set of parameters
written in the form 〈η〉 = 〈η1, η2, η3, . . . , ηn〉.
For nonequilibrium states, all the functions of a local thermodynamic
state, by definition, are the function of the n + 2 parameters above. For
instance,

e = e(s, v, 〈η〉) = e(p, v, 〈η〉) = e(p, T, 〈η〉) = e(v, T, 〈η〉), (5.6)

where the variables s, v, p, and T refer to the same state of matter.
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(d) The choice of the n independent characteristics above is ambiguous.
Among all possible sets 〈η〉, there exists at least one for which, at
〈η〉 = const, the thermodynamic parameters satisfy the same expres-
sions that are valid for equilibrium states. Let us term such a set the
“inner variables.” Hereinafter, such a set 〈η〉 will be regarded as a unique
characteristic of a physicochemical transformation in the system under
consideration.
Therefore, the following relationships will be assumed to hold:

T =
(

∂e

∂s

)

v,〈η〉
, p = −

(
∂e

∂v

)

s,〈η〉
, (5.7)

cp = T

(
∂s

∂T

)

p,〈η〉
≥ cv = T

(
∂s

∂T

)

v,〈η〉
≥ 0, (5.8)

(
∂p

∂v

)

s,〈η〉
�
(

∂p

∂v

)

T,〈η〉
� 0. (5.9)

For equilibrium 〈η〉, there is no need for a partial derivative at 〈η〉.
(e) We will consider only conventional media that obey relations (5.10)–

(5.12):

β =
1
v

(
∂v

∂T

)

p,〈η〉
> 0 ,

(
∂p

∂T

)

v,〈η〉
> 0 ,

(
∂e

∂p

)

v,〈η〉
> 0 , (5.10)

where β is the volumetric coefficient of thermal expansion,
(

∂e

∂v

)

p,〈η〉
> 0 , (5.11)

(
∂2p

∂v2

)

s,〈η〉
> 0. (5.12)

To date, assumptions a–d seem reasonable only in cases of homogeneous
media for which the concentration of components can be regarded as an
internal thermodynamic variable. Meanwhile, the physical meaning of in-
ternal variables is of no significance for our analysis. This implies that the
results obtained are applicable to any system satisfying assumptions a–e.

5.4.2 Thermal Effects of Physicochemical Transformation

For a given transformation 〈η0〉 → 〈η〉, we can obtain different thermal
characteristics of the process from (5.4) and (5.5).

Physicochemical transformations are normally characterized by the ther-
mal effects Qv ≡ Qv,T (at v, T = const) or ΔHr ≡ Qp ≡ Qp,T (at p,
T = const). According to (5.4) and (5.5), these terms can be defined as
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Qv,T = e0 − e(v0, T0, 〈η〉), (5.13)
Qp,T = e0 − e(p0, T0, 〈η〉) − p0Δvp,T , (5.14)

where e0 = e(V0, T0, 〈η0〉) = e(p0, T0, 〈η0〉) = e(p0, v0, 〈η0〉 and Δvp,T is
the increment in the specific volume during the transformation 〈η0〉 → 〈η〉 at
given p0 and T0. Transformations (media) satisfying the conditions Qv,T > 0,
Qp,T > 0 are termed “exothermic.”

It was suggested [67] characterizing chemical reactions in shock wave pro-
cesses by the value of Qp,v:

Qp,v = e0 − e (p0, v0, 〈η〉) . (5.15)

According to [67], the sign of Qp,v defines the type of shock (see later).
Still another heat parameter of the chemical transformation 〈η0〉 → 〈η〉,

the value of Qcal (calorimetric), can be defined as

Qcal = e0 − e (p0, T0, 〈η〉) . (5.16)

It is the value of Qcal that is measured in experiments with calorimetric bombs.
From (5.14) and (5.16), we obtain

Qcal − Qp,T = p0Δvp,T . (5.17)

This expression is used to determine Qp,T from a measured value of Qcal.
The thermal effects Qv,T , Qp,T , Qp,v, and Qcal may turn out to be identical

in their magnitude. According to (5.13)–(5.16), this may happen only as a rare
case when Δvp,T = 0. But when Δvp,T �= 0, these thermal effects have different
magnitudes. This can be demonstrated by using the diagram presented in
Fig. 5.7.

A situation here corresponds to the inequality Δvp,T > 0 (e.g., numerous
exothermic SSRs, decomposition of HE, or combustion of some gaseous mix-
tures). The 〈η0〉 → 〈η〉 processes taking place at v, T = const or p, T = const
correspond to the solid arrows between the point (p0, v0) and the end points
(p1, v0) and (p0, v2), respectively. According to (5.13) and (5.14), the end
points belong to the isotherm line T0 of the product. For Δvp,T > 0, we have
v2 > v0. In virtue of inequality (5.9), (∂p/∂v)T,〈η〉 � 0, it follows that p1 > p0.
The 〈η0〉 → 〈η〉 process taking place at p, v = const is presented by the point
(p0, v0).

The 〈η0〉 → 〈η〉 process in a calorimetric bomb corresponds to the dashed
arrow between the point (p0,v0) and the end point (p3,v3) on the isotherm
line T0. In such experiments, the magnitude of q is normally determined as
q = e0−e3. It is well known that the weight and volume of a sample are taken
to be much smaller than the weight and inner volume of a bomb. Hence, in
the case of a SSR, p3 = p0, v3 = v2, and e3 = e(p0, v2, 〈η〉) ≡ e(p0, T0, 〈η〉).
In the case of HE decomposition, the product can be regarded as an ideal gas
between points 2 and 3 in Fig. 5.7. Then according to the thermodynamic
identity
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p 

p0

1 

3

2

v0 v 

T=T0

Fig. 5.7. States during transformation of matter for Δvp,T > 0. 1 point (p1, v0), 2
point (p0, v2), 3 point (p3, v3)

(
∂e

∂v

)

T,〈η〉
= T

(
∂p

∂T

)

v,〈η〉
− p (5.18)

and the Clapeyron equation, (∂e/∂v)T,〈η〉= 0. Therefore, e3 = e(p3, v3, 〈η〉) =
e(p0, v2, 〈η〉) ≡ e(p0, T0, 〈η〉). According to (5.16), in both cases we obtain
Qcal = e0 − e3 = q. In other words, experiments with calorimetric bombs
indeed yield the values of Qcal.

In publications on the physics of explosions, one often comes across the
expression (5.17) in which Qv ≡ Qv,T is used instead of Qcal, without any
indication of the specificity of the equation of state for products and the
initial state (p0, v0, 〈η0〉). Actually, it is assumed the equalities Qcal = Qv,T

and e3 = e1 [see (5.13), (5.16)] always hold true. In reality, this is possible only
when (∂e/∂v)T,〈η〉 = 0 over the entire segment of the isotherm T0 between
points 1 and 2 in Fig. 5.7. In the case of dense gases and condensed media, this
condition is certainly not fulfilled. This can be demonstrated by transforming
the right-hand side of (5.18) by using the van der Waals equation for dense
gases or the inequality (∂2p/∂T 2)v,〈η〉 > 0, valid for most condensed media
at low temperatures [66]. Therefore, for shock wave processes in condensed
media, Qcal �= Qv,T .

In Fig. 5.7, the state of the reaction product (p0, v0, 〈η〉) satisfies the
inequalities p0 < p1 and v0 < v2; therefore, it follows from (5.10) and (5.11)
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that e(p0, v0, 〈η〉) < e1 and e(p0, v0, 〈η〉) < e2. Accordingly, from (5.13), (5.15),
and (5.16), we obtain Qp,v > Qv,T and Qp,v > Qcal.

Having plotted a similar diagram for Δvp,T < 0, one can be convinced
that in this case the thermal effects Qv,T , Qp,T , Qp,v, and Qcal (5.13)–(5.16)
also have different values.

The values of Qv,T , Qp,T , and Qp,v normally have the same sign, although
there are some exclusions. An example is combustion of the thermite system
3Fe3O4 + 8Al. At p = 1atm, the combustion temperature rises. To ensure
T = const, one has to expel some heat. Then according to (5.4), (5.5), and
(5.14), Qp,T > 0. But this is accompanied by a volume decrease which has to
be replenished upon additional supply of heat. Hence, from (5.4), (5.5), and
(5.15), it follows that Qp,v < 0 [67].

Therefore, the transformation 〈η0〉 → 〈η〉 can be characterized by at least
four thermal effects (5.13)–(5.16) having different physical meaning and mag-
nitude. Let us analyze their role in shock wave processes taking place in
reactive media. We will begin with a relation between the mechanical and
thermodynamic parameters of shocked matter.

5.4.3 Shock Equations

In the reference system attached to the shock, let us consider an elementary
cylindrical volume of matter as shown in Fig. 5.8. Applying the conserva-
tion of mass and momentum to this element [2], we come to the well-known
relationships for the shock:

ρ0D = ρ (D − u) , (5.19)
p − p0 = ρ0Du. (5.20)

Applying the principle of energy conservation (upon neglect of heat exchange
between elementary volumes, as adopted for very fast processes), we obtain

D – u D

p p

1 2

3 

Fig. 5.8. Deriving the shock equation. 1 shock wave, 2 undisturbed material, 3
compressed material
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ρ0D (Δe + ΔK) = p0D − p (D − u) ,

where K is the specific kinetic energy. Introducing Δe = e − e0, ΔK =
(D−u)2/2−D2/2, and excluding D and u [through the use of (5.19), (5.20)],
we obtain

e (p, v, 〈η〉) − e0 = (p − p0) (v0 − v) /2. (5.21)

For the classical definition of e [2, 66], this expression is applicable to shocks
with or without transformations [2].

At constant 〈η〉, expression (5.21) describes a family of curves (termed
“dynamic adiabats”) in the coordinates p–v. According to (5.9)–(5.12), the
dynamic adiabats have the form shown in Fig. 5.9 [2].

The character of shock motion in reactive media is known [2] to depend
on the position of the adiabat relative to the point (p0, v0). This position can
be predicted by applying simple criteria (5.3). These criteria can be derived
as follows. In view of (5.15), expression (5.21) can be written in the form

e(p, v, 〈η〉) − e(p0, v0, 〈η〉) = (p − p0) (v0 − v) /2 + Qp,v. (5.22)

p 

p0

v0 v

CJ 

1
2 3

4

Δ2 Δ3

Fig. 5.9. The dynamic adiabats. 1 shock adiabat (Qp,v = 0, Δvp,h = 0), 2 shock
adiabat (Qp,v < 0, Δvp,h = –Δ2 < 0), 3 detonation adiabat (Qp,v > 0, Δvp,h =
Δ3 > 0), 4 Rayleigh lines
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In (5.22), Qp,v is constant (since it depends on p0, v0, 〈η0〉, and 〈η〉, which are
assumed to be constant). This parameter defines a position of the dynamic
adiabat relative to the point (p0, v0). For Qp,v < 0, the adiabat intersects the
isobar line p0 for v < v0 (Fig. 5.9); at Qp,v = 0, it passes through the point
(p0, v0); while for Qp,v > 0, it crosses the isobar line p0 for v > v0 and the
isochore line v0 for p > p0.

Introducing Qv,T (5.13), Qp,T (5.14), or Qcal (5.16) into (5.21), we arrive
at a complicated expression that is inconvenient for deriving a simple criterion
for the position of the dynamic adiabat relative to the point (p0, v0). This
implies that it is the thermal effect Qp,v (5.15) that defines the motion of a
shock wave in reactive systems.

Now let us derive another criterion for position of the dynamic adiabat
relative to (p0, v0). Introducing p = p0 into (5.21) and performing some trans-
formations, we obtain

h (p0, v, 〈η)〉 = h (p0, v0, 〈η0〉) , (5.23)

where h(p, v, 〈η〉) = e(p, v, 〈η〉) + pv is the specific enthalpy for the matter
under consideration. Equation (5.23) defines the point v at which the dynamic
adiabat (5.21) intersects the isobar line p0 (Fig. 5.9). We may also introduce
the volume effect of physicochemical transformation:

Δvp,h = v − v0 at p = const, h = const. (5.24)

This is the increment in the specific volume of a medium in the real or imag-
inary process 〈η0〉 → 〈η〉 taking place at p0 = const under adiabatic condi-
tions. In any case, Δvp,h is not identical to Δvp,T . These magnitudes may even
have different signs. For example, for a stoichiometric mixture of H2 with O2,
Δvp,h > 0, while Δvp,T < 0.

The value of Δvp,h defines the position of the dynamic adiabat relative to
the point (p0, v0). For Δvp,h < 0 (Fig. 5.9), the dynamic adiabat intersects
the isobar line p0 for v < v0; at Δvp,h = 0, it passes through the point (p0,
v0); and for Δvp,h > 0, it intersects the isobar line p0 for v > v0 and the
isochore line v0 for p > p0 (Fig. 5.9). Therefore, the signs of Qp,v and Δvp,h

are identical. For this reason, both criteria in (5.3) are equivalent.

5.4.4 The Role of Thermal Effects in Laminar Motion
of Reacting Matter

Now let us consider the role of the aforementioned four thermal effects in the
motion of reactive particles behind the shock. According to (5.4) and (5.5),
for an element of a medium, we can write

de

dt
=

dq

dt
− p

dv

dt
. (5.25)
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On the other hand, since e is a function of p, v, and 〈η〉, we obtain

de

dt
=
(

∂e

∂p

)

v,〈η〉

dp

dt
+
(

∂e

∂v

)

p,〈η〉

dv

dt
+
(

∂e

∂〈η〉

)

p,v

d〈η〉
dt

. (5.26)

Here and hereinafter we will admit that
(

∂Z

∂〈η〉

)

X,Y

d〈η〉
dt

=
n∑

i=1

(
∂Z

∂ηi

)

X,Y

dηi

dt
,

where Z stands for e or v while X and Y stand for p, v, or T .
The last term in (5.26) (taken with the opposite sign) can be regarded as

the rate of heat evolution at p, v = const [cf. (5.15)]:

dQp,v

dt
= −

(
∂e

∂<η>

)

p,v

d<η>

dt
.

Using the thermodynamic identity
(

∂p

∂v

)

s,〈η〉
= −

((
∂e

∂v

)

p,〈η〉
+ p

)(
∂p

∂e

)

v,〈η〉
,

and the expression for the Grüneisen coefficient

Γ = v

(
∂p

∂e

)

v,〈η〉
,

we obtain
dp

dt
=
(

∂p

∂v

)

s,〈η〉

dv

dt
+

Γ
v

(
dQp,v

dt
+

dq

dt

)
. (5.27)

Therefore, the relation between dp and dv is defined by the derivative of
(Qp,v + q). In other words, the thermal effect Qp,v (5.15) plays a part similar
to that of externally supplied heat q.

For e as a function of v, T , and 〈η〉, we obtain

de

dt
=
(

∂e

∂v

)

T,〈η〉

dv

dt
+
(

∂e

∂T

)

v,〈η〉

dT

dt
+
(

∂e

∂〈η〉

)

v,T

d〈η〉
dt

. (5.28)

Combining (5.25) with (5.28), taking into account that cv = (∂e/∂T )v,〈ν〉and
[cf. (5.13)]

dQv,T

dt
= −

(
∂e

∂〈η〉

)

v,T

d〈η〉
dt

,

from the thermodynamic identity
(

∂T

∂v

)

s,〈η〉
= −

((
∂e

∂v

)

T,〈η〉
+ p

)
1
cv

,
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we obtain
dT

dt
=
(

∂T

∂v

)

s,〈η〉

dv

dt
+

1
cv

(
dQv,T

dt
+

dq

dt

)
. (5.29)

Therefore, the relation between dT and dv is equally defined by the values of
q and Qv,T (5.13).

Since v and e are functions of p, T , and 〈η〉, we obtain

dv

dt
=
(

∂v

∂p

)

T,〈η〉

dp

dt
+
(

∂v

∂T

)

p,〈η〉

dT

dt
+
(

∂v

∂〈η〉

)

p,T

d〈η〉
dt

, (5.30)

de

dt
=
(

∂e

∂p

)

T,〈η〉

dp

dt
+
(

∂e

∂T

)

p,〈η〉

dT

dt
+
(

∂e

∂〈η〉

)

p,T

d〈η〉
dt

. (5.31)

Combining (5.25), (5.30), (5.31), and

dQp,T

dt
= −

(
∂e

∂〈η〉

)

p,v

d〈η〉
dt

− p

(
∂v

∂〈η〉

)

p,v

d〈η〉
dt

[cf. (5.14)], from

cp =
(

∂e

∂T

)

p,〈ν〉
+ p

(
∂v

∂T

)

p,〈ν〉

and the thermodynamic identity

(
∂T

∂p

)

s,〈η〉
= −

((
∂e

∂p

)

T,〈η〉
+ p

(
∂v

∂p

)

T,〈η〉

)
1
cp

,

we obtain
dT

dt
=
(

∂T

∂p

)

s,〈η〉

dp

dt
+

1
cp

(
dQp,T

dt
+

dq

dt

)
. (5.32)

Here a similar role is played by q and Qp,T .
Note that in deriving (5.19)–(5.32) the state of aggregation of matter was

never specified; therefore, the conclusions drawn can be equally applied to
solid, liquid, and gaseous media. According to (5.22), (5.27), (5.29), and (5.32),
any analysis of shock wave processes must be carried out with the highest
consideration for a difference between the thermal effects Qv,T , Qp,T , and Qp,v.

5.4.5 Thermal Criterion for Shock or Detonation

Analysis of expressions (5.13)–(5.15) in comparison with (5.22), (5.27), (5.29),
and (5.32) shows that none of the thermal effects Qv,T , Qp,T , and Qp,v can
be regarded as the major thermal characteristic of physicochemical transfor-
mation. The variable Qcal, defined in (5.16), is absent in all these expressions.
It should be noted that thermal effects (5.13)–(5.16) characterize different
aspects of the same transformation 〈η0〉 → 〈η〉.
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Nevertheless, in shock wave processes the thermal effect Qp,v is of key im-
portance. Let us try to distinguish between the shock and detonation waves
by the sign of Qp,v (5.15), which defines the type of physicochemical transfor-
mation in a shock.

As shown in [2,64,65,67], the parameters of a detonation wave in condensed
and gas-phase explosives are defined by the dynamic adiabat (also termed
the “detonation adiabat”) that intersects the isochore line v0 for p > p0. In
other words, this dynamic adiabat lies above the point (p0, v0) (Fig. 5.9). As
a result, the detonation adiabat has a point of contact (Chapman–Jouguet
point) with one of the Rayleigh lines, as shown in Fig. 5.9. From [2,64,65,67],
the detonation wave corresponding to the Chapman–Jouguet point must obey
the condition D − u = c (Fig. 5.8) so that the tail rarefaction waves cannot
overtake the shock. Such a shock may be expected to become self-sustaining.

Therefore, the detonation adiabats (and respective detonation waves) in
HEs and reactive gaseous mixtures must obey the equivalent inequalities given
in (5.3):

Note that inequalities (5.3) characterize a given transformation only at p0.
Nevertheless, these can also be used to predict the features of shock-induced
transformation for p � p0.

We propose regarding inequalities (5.3) as an intrinsic property of the det-
onation adiabat and/or the detonation wave in any media, including HEs and
reactive gaseous mixtures. For example, inequalities (5.3) are applicable to the
so-called condensational shocks in a mixture of air with oversaturated water
vapor [2]. Therefore, condensation shocks can also be regarded as detonation
waves.

We suggest considering inequalities (5.33) as an intrinsic property of the
shock wave:

Qp,v � 0, Δvp,h � 0. (5.33)

For instance, the dynamic adiabats passing through the point (p0, v0) (see
Fig. 5.9) and respective shocks without transformations can be classified, ac-
cording to (5.33), as shock adiabats and shock waves, respectively. In this
case, criteria (5.33) are consistent with the accepted opinion.

Applying criteria (5.3) and (5.33), one has to keep in mind that, during
physicochemical transformation, the values of Qp,v and Δvp,h may change
their sign. In the case when criterion (5.3) is not applicable to the final prod-
ucts but is applicable to some intermediate products, one can also expect the
onset of detonation in this system.

Criteria (5.3) and (5.33) are not always consistent with the definitions of
detonation and shock waves adopted by some workers in the physics of explo-
sions: the detonation wave is regarded as any shock accompanied by exother-
mic reaction (Qv,T > 0, Qp,T > 0). But not every reaction that satisfies the
inequality Qp,T > 0 can satisfy the condition Qp,v > 0 (5.3). According to
(5.33), some shocks that are accompanied by exothermic reactions can never-
theless be classified only as shock waves.
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The Chapman–Jouguet detonation theory [2, 64, 65, 67] acknowledges the
existence of a detonation adiabat as a prerequisite for the occurrence of det-
onation in a given medium. This statement is equivalent to criterion (5.3).
This condition is a prerequisite for self-sustaining shock propagation in a
given medium.

Therefore, the above analysis of dynamic adiabats suggests that either
of the inequalities (5.3) is indeed a sufficient and necessary thermodynamic
condition for the occurrence of detonation in a given medium.

Note in conclusion that criterion (5.3) is strictly thermodynamic in nature.
In other words, the criterion does not define specific conditions for realization
of a detonation. These conditions have to be determined by experiment. One
such condition is a sufficiently high rate of reaction [3, 64,67]. Some methods
for acceleration of shock-induced reactions were suggested in [27, 68, 69], but
none of these methods may help in the initiation of detonation if condition
(5.3) is not satisfied, at least for intermediate products. When inequalities
(5.3) are not fulfilled (at least for one of the intermediate products), all the
dynamic adiabats for a given medium will intersect the isobar p = p0 for
v < v0. In this case, the Chapman–Jouguet point does not exist, and hence a
self-sustaining shock wave process is impossible.
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