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Fast self-propagating chemical processes in inorganic solids
induced by an elastic wave pulse*
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Fast self-propagating chemical processes in solids initiated by an elastic wave pulse were
studied in relation to ammonium dichromate. A possible mechanism for these processes was

proposed.
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Previously,! it was found in relation to pressed poly-
crystalline ammonium dichroniate (NH,4),Cr,04 that an
elastic wave pulse (EWP) can cause fast self-propagating
chemical processes in solids; the front of these processes
m (NHy),Cr,0; propagates at the velocity V; =
(1.3£0.2) - 103 m s~!, which differs from the velocity of
propagation of the EWP in pressed ammonium dichro-
mate (Vpwp = (2.2£0.2)- 103 m s7!), and the sample
of (NH4),Cr,0; warms up by no more than AT =
300 °C. This allowed the authors! to claim that some of
the energy of the exothermic reaction (1)

(NH4)2Cr207 —- Cr203 + N2 + 4 H20 +
+ 298 kJ mol™! 4y

is spent via non-thermal channels, because in the case
of thermal decomposition, a sample of (NH,),Cr,04
warms up to 1300 °C. However, in the study cited,l the
Y. Vewp, and AT values were measured separately. In
addition, later®3 it has been shown that solid-phase
chemical processes initiated by an EWP have a thresh-
old, ie., they are excited by an elastic wave, whose
power is greater than a certain critical value (or is equal
to it), and that early stages of these processes involve
formation of active electrons and cations.

The purpose of this work was (a) to find out whether
fast self-propagating processes in (NH,),Cr,0; have a
threshold; (b) to carry out measurements of the onset of
the chemical transformations and the temperature
changes in (NH,);Cry04, synchronized with the instant
of the EWP; (c) to study the products arising in pressed
(NH,4),Cry0; under the action of EWPs with different
intensities by ESR spectroscopy.

* Dedicated to the memory of Academician M. E. Vol pin
timed to his 753th birthday.

Experimental

The experiments were carried out using the setup shown in
Fig. 1. Elastic wave pulses were excited in a stec} waveguide (2,
see Fig. 1) by rheological explosion occurring upon uniaxial
compression of polymeric (polystyrene, polypropylene) plates.
Then the EWPs advanced to the sample under study, which
was subjected simultaneously to the EWP and to uniaxial
compression in a closed steel jacket between steel waveguides
(2 and 3). The setup permitted time-synchronized recording of
the acting EWPs and the electric and temperature changes in
the sample using piezoelectric transducers (4 and 5), contact
pickups (6 and 7), and planar thermocouple (&) linked to two
$9-8 double-beam oscillographs, connected to a personal com-
puter (sec Fig. 1). The accuracies of synchronization of the
measurements with respect to the indication of transducer 5
(after switching on of the oscillographs by the signal from
transducer 4) amounted to —1.6, +5.4, and +13 us for trans-
ducers 6 and 7 and thermocouple 8, respectively. The heights
of waveguides 2 and J were .8 cm, and that of the steel jacket
with the (NH4);Cr,0; sample was 3 cm. It is known? that if
one of contacting bodies is heated to temperature 7| and the
other occurs at temperature 7; < T, then the temperature in
the planc of their contact is (7} + 73)/2. The transit-time
effects in planar thermocouples during fixation of fast pro-
cesses can decrease the electric signal no more than twofold.#
Thus, the indication of thermocouple & can differ from the
actual temperature of the (NH,),CryO4 sample after the chemi-
cal reactions by a factor of 4.

Results and Discussion

The diagram for the increase in the pressure acting
on the sample, whose pattern is determined by the
elastic properties of the polymer plates, consists of sev-
eral sections (Fig. 2): reflecting non-steady-state creep
of the polymer, steady-state creep, accelerated creep
and destruction, and, finally, explosion under pressure
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Fig. 1. Scheme of the experimental sctup: Bridgman anvil (/);
steel waveguides (2, 3); piczoelectric transducers (4, 5); con-
tact pickups (6 and 7); planar thermocouple (&).
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Fig. 2. Diagram for the pressure build-up and appearance of
EWPs acting on the (NH,4)»Cr,0; sample.

referred to as rheological explosion. The pressure at
which rheological explosion occurs (prg) is related to
the thickness of the polymer plate (Ak) by the expression
Pre ~ 1/Ah5 By changing the Ak value and the type of
polymer (polystyrene, polypropylene), PRE €an be varied
over wide limits (5—20 kbar and even more). The first
three stages take 4—7 s, while the fourth one (rheologi-
cal explosion) occurs within tens of microseconds. As
this takes place, an elastic wave is excited in the steel
waveguide. Its oscillogram obtained by virtue of piezo-
electric transducer S (see Fig. 1) is shown in Fig. 3, a. It
can be seen that the first wave front with the amplitude
Pew is fast discharge, and this is followed by an oscilla-
tion process of the elastic wave action. Fourier analysis
of the frequency parameters of this wave showed that
the frequencies of the elastic waves excited in waveguide
2 (see Fig. 1) by the rheological explosion in the poly-
mer at pgr = 5 to 18 kbar range from 100 to 900 kHz.
From this it follows that the upper plane of the
(NH4),Cry0;7 sampie occurs under pressure p = pgg —
Tp,cos(2nfit). 1t is known3 that p,; = k, pgg and Tk; < I;
hence, p = pre(l — TkeosQ2nfir)].
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Fig. 3. a. Oscillogram for the EW acting on the (NH4)>Cry0,
sample. & Oscillogpram for the variation of the voltage on
contact pickup 6 {(see Fig. 1). ¢. Oscillogram for the tempera-
ture variation on the planar thermocoupice.
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Fig. 4. Dependence of the time delay (1) before the onset of
chemical transformations in (NH4),Cr;07 on the pressure of
rheological explosion (prg).

The generation of a fast self-propagating chemical
process in (NH;),Cr;0O; is always associated with the
appearance of a short electric signal (B, see Fig. 3, b)
caused by the formation of charge carriers and by the
onset of redox reactions.} In our experiments, this elec-
tric signal appeared only at pgg = 9 to 10 kbar, and at
higher pge values it was permanently detected. There-
fore, it can be conciuded that chemical transformations
in (NH,),Cr;0; have a threshold. In addition, it can be
seen from Fig. 3, a, b that signal B lags behind the first
discharge pulse of the elastic wave (4) by time 1. The
determined t values lie in the (170—400)%10 ps range.
The observed dependence of t on pgg (Fig. 4) is straight-
ened in the v = ap?pp + Bpge + C coordinates (a0 =
~448-107%; p = 1.78:1073; C = —1.26-107%) and
contains both quadratic and linear terms with respect to
PRre, f-€., © depends both on the static pressure on the
sample (pgg) and on the flow of energy delivered by the
clastic wave.

The signal for temperature changes (D in Fig. 3, ¢)
coincides in time with the broad low-frequency electric
signal (C, see Fig. 3, 5) generated in the (NH,),CryO4
sample by the primary front of chemical reactions,
which passes through the sample after it has already
been affected by the front of primary ionization pro-
cesses.

When a sample of (NH(),Cr,0; is treated with an
EWP with pre < 10 kbar, it exhibits ESR signals with
& = 1991 and g = 1.933 (Fig. 5), typical of Cr3*
ions,® whose intensity increases to pgg =10 kbar and
then sharply decreases (Fig. 6). Simultaneously, pressed
(NH4),Cr,0; samples with pgg ~ 10 kbar started to
exhibit broad ESR signals with g, ~ 2.00 and AH =
50 mT (see Fig. 5), characteristic of ultradisperse Cr,0;.7
The plots for the accumulation of Cr3* and Cr3* (see
Fig. 6, curves 7 and 2, respectively) for pgg = 10—
i1 kbar follow antiparalfel patterns, which indicates that
Cr3* iy reduced to Cr3*. Treatment of the (NH),Cr,0,
sample with portions of elastic energy (i.e., with several
puises at pre < 10 kbar), whose total amount is equal to

g = 20028
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Fig. 5. ESR spectra of Cr3* ions (/) and ultradispersed Cry04
(2) arising in (NH4);Cr,07 under the action EWP (pgg = 6
and 10.3 kbar, respectively).
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Fig. 6. Dependences of the concentrations of Cr3* (/) and
ultradispersed Cr,05 (2) in the (NH4);CryO; sample on pgg
for separate EWPs and dependence of the concentration of
Cr%* on the action of several EWPs (J) at different ppg
introducing into the sample equal quantities of elastic energy,
equivalent to the cnergy at prg = 10 kbar ([N] = [PMCl/g).

the critical energy at pgg = 10 kbar, does not induce
seif-propagating processes. The character of accumula-
tion of Cr3* ions (see Fig. 6, curve 3) indicates that
several time-separated pulses with pgg < 10 kbar (the
pulses are separated by at least 30 s) do not create
conditions for a self-propagating chemical process, i.e.,
these processes have clear-cut power character.
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Based on the results of our experiments together with
published data,l the following mechanism for the ob-
served processes can be proposed.

Since the front of the chemical reactions arises only
upon introduction of an EWP with a critical power and
after time delay t at the junction of waveguide 2 (see
Fig. 1) and the (NH,4),Cr;0; sample, it can be assumed
that it is in the upper narrow layer of the sample that
crystal lattice defects, vacancies, and dislocations start
to appear. This process is characterized by a certain
threshold energy and results in extensive amorphization
of the substance. In terms of the band theory of solids,?
amorphization is associated with smearing of the edges
of the conduction and valence bands and also with the
formation of a set of sub-bands in the forbidden gap,
which correspond to ensembles of defects of different
dimensionalities and are negatively (D7) and positively
{D?*) charged. The scheme for this hypothesized process
is shown in Fig. 7, a. The appearance of smeared sub-
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Fig. 7. «. Scheme of the density of defect states
(N(EYeVTT em™Y) generated in amorphous (NH,),CryO5 by

EWP depending on their energy (E/eV): D,*, D™ are sets
of charged defect states, DY are metastable molecules; | is
conduction band, I is valence band. b. Typical disperse

curves for optical (1), soft (2). and acoustical () branches
of the spectrum of vibrations when they overlap (o is fre-
quency, o is the lattice parameter, K is the wavenumber).

bands facilitates free transfer of charge density over the
amorphous polycrystalline material. From the chemical
viewpoint, this is accompanied by excitation (activation)
of (NH,;),Cr;0; molecules and by formation of free
electrons, protons, Cr>* ions, and charge dipoles on
individual (NH,),Cr,0; molecules and clusters consist-
ing of these molecules, due to the non-neutralized
charges; deactivation of (NH,),Cr,0; molecules is also
accompanied by evolution of electromagnetic radiation
quanta. The presence of dipole structures ensures the
connection between mechanical and clectromagnetic
vibrations, i.e., leads to overlap (coalescence) of the
acoustical and optical phonon modes with the appear-
ance of the so-called soft mode (Fig. 7, 5). This phe-
nomenon can be observed for a broad range of inorganic
compounds.?

Thus, the upper narrow layer of the sample acquires
the properties of a source of elastic and electromagnetic
waves, which act on the underlying layers of the sub-
stance. The arising quasi-particles, for example, po-
larons €, are related to these vibrations.!®1} When
(after time t) the concentrations of dipoles and quasi-
particles in the upper narrow layer of (NH,),Cr,O,
reach a critical value, self-induced correlation between
the dipole moments should occur, which is in good
agreement with the processes of super-radiation at opti-
cal and hyperacoustic frequencies.!2 All this resuits in
the initiation of chemical reactions in the underlying
layers and in the propagation of the chemical reaction
front over the (NH4),Cr,0; sample. The scheme pro-
posed here is in good agreement with the concepts of
phonon!? and exciton-dislocation!4 fracture of solids
and ionic crystals and with the views on the relationship
between the fronts of solid-phase reactions and internal
mechanical stresses!S or non-Jincar waves.16

This work was carried out with the financial support
of the Russian Foundation for Basic Research (Project
No. 96-03-33619).
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