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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 inrelation to ammonium dichromate. A possible mechanism for these processes was 
proposed. 
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Previously, I it was found in relat ion to pressed poly- 
crystalline a m m o n i u m  d ichromate  (NH4)2Cr207 that an 
elastic wave pulse (EWP)  can cause fast self-propagating 
chemical  processes in solids; the front o f  these processes 
in ( N H 4 ) 2 C r 2 0 7  p ropaga t e s  at the  ve loc i ty  V r = 
(1.3+0.2) �9 103 m s - t ,  which differs from the velocity o f  
propagation of  the E W P  in pressed a m m o n i u m  dichro-  
mate (VEw P = (2 .2+0 .2 ) -  103 m s- I ) ,  and the sample 
of  (NH4)2Cr207 warms up by no more  than AT = 
300 ~ This  al lowed the authors I to claim that some of  
the energy of  the exo thermic  react ion (1) 

(NH4)2Cr207 ~ Cr20 a + N 2 + 4  H20 + 

~- 298 kJ tool -1 ( I )  

is spent  via non- the rma l  channels ,  because in the case 
o f  thermal  decompos i t ion ,  a sample  o f  (NH4)2Cr207 
warms up to 1300 ~ However ,  in the study cited, t the 
I/f, VEwr, ' and AT values were measured  separately. In 
addit ion,  later z,3 it has been shown that sol id-phase 
chemical  processes init iated by an E W P  have a thresh-  
old, i.e., they are exci ted by an elastic wave, whose 
power is greater  than a certain crit ical  value (or is equal 
to it), aqd that early stages o f  these processes involve 
format ion o f  active electrons and cations.  

The  purpose o f  this work was (a) to find out whether  
fast se l f -propagat ing processes in (NH4)2Cr207 have a 
threshold;  (b) to carry out  measurements  of  the onset o f  
the c h e m i c a l  t r ans fo rma t ions  and the  t e m p e r a t u r e  
changes in (NH4)2Cr2OT, synchro, t ized with the instant 
of  the EWP; (c) to study the products  arising in pressed 
(NH4)2Cr207 under  the action o f  EWPs with different 
intensities by ESR spectroscopy.  

* Dedicated to the memory of Academician M. E. Vol'pin 
timed to his 75th birthday. 

Experimental 

The experiments were carried out using the setup shown in 
Fig. 1. Elastic wave pulses were excited in a steel waveguide (2, 
see Fig. I) 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 therrnocouple (8) linked to two 
$9-8 double-beam oscillographs, connected to a personal com- 
puter (see Fig. 1). The accuracies o f  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 Ins for trans- 
ducers 6 and 7 and thermocouple 8, respectively. The heights 
of  waveguides 2 and 3 were 1.8 cm, and that of  the steel jacket 
with the (NH4)2Cr207 sample was 3 cm. It is known 4 that if 
one of contacting bodies is heated to temperature T l and the 
other occurs at temperature T 2 < Ti, then the temperature in 
the plane of their contact is (T 1 + 7"2)/2. The transit-time 
effects in planar thermocouples during fixation of fast pro- 
cesses can decrease the electric signal no more than twofold. 4 
Thus, the indication of thermocouple 8 can differ from the 
actual temperature of the (NHa)2Cr207 sample after the chemi- 
cal reactions by a factor of 4. 

Results and Discussion 

The diagram for tile increase in tile pressure acting 
on the sample,  whose pat tern is de t e rmined  by the 
elastic properties of  the po lymer  plates,  consists o f  sev- 
eral sections (Fig. 2): reflect ing n o n - s t e a d y - s t a t e  creep 
of  the polymer,  steady-state c r eep ,  acce lera ted  creep 
and destrt, ct ion,  and, finally, exp los ion  under  pressure 
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referred to as rheological explosion. The pressure at 
which theological explosion occurs (PaE) is related to 
the thickness of the polymer plate (Ah) by the expression 
PRE - 1/Ah-5 By changing the Ah value and the type of 
polymer (polystyrene, polypropylene), PRE can 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 5 (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 PRE = 5 to 18 kbar range from 100 to 900 kHz. 
From this it follows that the upper plane of the 
(NH4)2Cr207 sample occurs under  pressure p = PRE -- 
W.~Oa~COS(2rtf/t ). It is known 3 that Pal = ki PRE and ~ k  i < l ; 
hence, p = pRE[1 -- Zk,cos(2~f,t)l. 

Fig. 1. Scheme of the experimental setup: Bridgman anvil (I); 
steel waveguides (2, 3); piezoelectric transducers (4, 5); con- 
tact pickups (6 and 7); planar thermocouple (g). 

Fig. 2. Oitlgram Ibr the prcsstzre bttild-ttp and .'tppearatlce of 
EWPs actil~g on the (NH4)2Cr207 sample. 

Fig. 3. a. Oscillogram for the EW acting on the (NI-14):Cr207 
sample, b. Oscillogram tbr the v~riation of the voltage on 
contact pickup 6 (see Fig. 1). c Oscillogram Ibr the tempera- 
turc variation on the planar thermocouplc 
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Fig. 4. Dependence of the time delay (x) before the onset of 
chemical transformations in (NH4)2Cr207 on the pressure of 
rheological explosion (,oRE). 

The generation of a fast self-propagating chemical 
process in (NH4)2Cr207 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.I In our experiments, this elec- 
tric signal appeared only at PRE = 9 to 10 kbar, and at 
higher PRE values it was permanently detected. There- 
fore, it can be concluded that chemical transformations 
in (NH4)2Cr207 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 (A) by time ~. The 
determined -r values lie in the (170--400)+10 tas range. 
The observed dependence of ~ on PRE (Fig. 4) is straight- 
ened in the ~-I = ctp2RE + [3PRE + C coordinates (ct = 
- 4 . 4 8 -  10-5; [3 = 1.78" 10-3; C = - I . 2 6 - 1 0  -2) and 
contains both quadratic and linear terms with respect to 
PRE, i.e., x depends both on the static pressure on the 
sample (,~ and on the flow of energy delivered by the 
elastic wave. 

The signal for temperature changes (D in Fig. 3, c) 
coincides in time with the broad low-frequency electric 
signal (C, see Fig. 3, b) generated in the (NH4)2Cr20 7 
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 (NH4)2Cr207 is treated with an 
EWP with PRE < l0 kbar, it exhibits ESR signals with 
ga_ = 1.991 and gl = 1.933 (Fig. 5), typical of Cr 5+ 
ions, 6 whose intensity increases to PRE ~10 kbar and 
then sharply decreases (Fig. 6). Simultaneously, pressed 
(NH4)2Cr20 7 samples with PRE ~ 10 kbar started to 
exhibit broad ESR signals with ga~er ~ 2.00 and AH 
50 mT (see Fig. 5), characteristic of ultradisperse Cr203 .7 
The plots for the accumulation of Cr 5§ and Cr 3+ (see 
Fig. 6, curves I and 2, respectively) for PI~E = 10-- 
1 I kbar follow antiparallel patterns, which indicates that 
Cr 5+ is reduced to Cr 3~. Treatment of the (NH4)2Cr20 7 
sample with portions of elastic energy (i.e., with several 
pulses at PRE < 10 kbar), whose total amount is equal to 

g = 2.0028 

5 mT,  _ 
i / 

Fig. 5. ESR spectra of Cr 5~" ions (/) and ultradispersed Cr203 
(2) arising in (NH4)2Cr207 under the action EWP (.ORE = 6 
and 10.3 kbar, respectively). 
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Fig. 6. Dependences of the concentrations of Cr 5+ (t) and 
ultradispersed Cr203 (2) in the (NH4)2Cr207 sample on PRE 
For separate EWPs and dependence of the concentration of 
Cr 5§ on the actiou of several EWPs (3) at different PRE 
introducing into the sample equal quantities of elastic energy, 
equivalent to the energy at PRE ~ 10 kbar (INI = [PMq/g).  

the critical energy at PRE = 10 kbar, does not induce 
self-propagating processes. The character of accumula- 
tion of Cr 5§ ions (see Fig. 6, curve 3) indicates that 
several time-separated pulses with PRE < l0 kbar (tile 
pulses are separated by at least 30 s) do not create 
conditions for a self-propagating chemical process, i.e., 
these processes have c]ear-cut power character. 
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Based on the results of  our experiments together with 
published data, ! 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 t ime delay T at the junct ion of  waveguide 2 (see 
Fig. 1) and the (NH4)2Cr20 7 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, s 
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 (D- )  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. a. Scheme of ~hc density of defect states 
(N(6"),/eV -I cm -3) generated in amorphous (NH4)2Cr201 by 
EWP dcpcnding on their energy (E/eV): D, +, D i-  are sets 
of charged defect states, D ~ are metastable molecules; I is 
conduction band, II is valence band. b. Typical disperse 
curves for optical (t), soft (2). and acoustical (33 branches 
of lhe ~pcctrum of vibr;~tions whet~ they overlap (co is fie- 
q,e~lcy, a is the lattice parameter. K is the wavel~ttmber). 

bands facilitates free transfer of  charge density over the 
amorphous polycrystalline material.  From the chemical  
viewpoint, this is accompanied by excitation (activation) 
of (NHa)2Cr20 7 molecules and by formation of  free 
electrons, protons, Cr 5+ iotas, and charge dipoles on 
individual (NH4)2Cr207 molecules and clusters consist- 
ing of these molecules, due to the non-neutral ized 
charges; deactivation of  (NH4)2Cr20 7 molecules is also 
accompanied by evolution of  electromagnetic radiation 
quanta. The presence o f  dipole  structures ensures the 
connection between mechanical  and electromagnetic 
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, b). This phe- 
nomenon can be observed for a broad range of  inorganic 
compounds. 9 

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 ~p, are related to these vibrations.lO, H When 
(after time x) the concentrat ions of  dipoles and quasi- 
particles in the upper narrow layer of (NH4)2Cr207 
reach a critical value, self- induced correlation between 
the dipole moments should occur, which is in good 
agreement with the processes of  super-radiat ion at opti-  
cal and hyperacoustic frequencies, lz All this results in 
the initiatio,a of  chemical reactions in the underlying 
layers and in the propagation of  the chemical reaction 
front over the (NH4)2Cr20 7 sample. The scheme pro- 
posed here is in good agreement with the concepts of  
phonon 13 and exciton-dislocation 14 fracture of  solids 
and ionic crystals and with the views on the relationship 
between the fronts of sol id-phase reactions and internal 
mechanical stresses Is or non- l inear  waves. 16 

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

R e f e r e n c e s  

!. N. S. Enikolopyan, A. 1. Aleksandrov, E. E. Gasparyan, 
V. 1. Shelobkov, and A. A Mkhitaryan, DokL Akad. Nauk 
SSSR, 1991, 319, 1384 [Dokl. Chem., 1991, 319, 612 
(Engl. Transl.)]. 

2. A. I. Aleksandrov, A. 1. Prokof'ev, I. Yu. Metlenkova, 
N. N. Bubnov, G. D. Perekhodtsev, D. S. Tipikin, S. D. 
Chemerisov, and Ya. S. Lebedev, Izv. Akad. Nauk, Ser. 
Khim., 1996, 864 [Russ. Chem. Bull., 1996, 45, 819 (Engl. 
Transl.)l. 

3. A. 1. Aleksandrov, V. P. Zhukov, A. I. Prokof'ev, N. N. 
Bubnov, G. D. Perekhodtsev, and Ya_ S. Lebedev, lzy. 
Akad Nauk, Ser. Khim., 1996, 1192 [Russ. (.'hem. BulL. 
1996. 45, 1132 (Engl. Transt.)l. 

4. A. V Lykov, Teoriya teploprovodnosti I Theory of tleat 
Conduction], Vysshnya Shkola, Moscow, 1967, 364 pp. (in 
Russian). 

5. N. S Enikolopov, Usp Khim.. 1991, 60, 586 [Russ. Chem. 
Rev., 1991, 60 (Engl. Transl.tl. 



1112 Russ. Chem.Bull., VoL 47, No. 6, June, 1998 Aleksandrov et al. 

6. N. S. Garif'yanov, Fizika lverdogo tela [Solid-State Phys- 
icsl, 1962, 4, 2450 (in Russian). 

7. L. A. Blyumenfel'd, V. V. Voevodskii, and A. G. Semenov, 
Primenenie elektronnogo paramagnitnogo rezonansa v khimff 
[Use of Electron Spin Resonanse in Chemistryl, lzd. Sib. 
Otd. AN SSSR, Novosibirsk, 1962, 240 pp. (in Russian). 

8. A. Feltz, Amorphe und Glasartige Anorganische Festkorper, 
Akademie Verlag, Berlin, 1983, 545 pp. 

9. J. C. Burfoot and G. W. Taylor, Polar Dielectrics and Their 
Applications, Macmillan Press Ltd., New Jersey, 1979, 
515 pp. 

10. D. D. Appel" and Yu. A. Firsov, Polyarony [Polarons], 
Mir, Moscow, 1975 (in Russian). 

11. S. I. Pekar, Kristallooptika i dobavochnye svetovye rainy 
[Crystal Optics and Supplementary Light Wavesl, Naukova 
Dumka, Kiev, 1982, 340 pp. (in Russian). 

12. A- V. Andreev, lisp. Fiz. Nauk, 1990, 160, No. 12, 1 [Russ. 
Phys. Sci., 1990, 160, No. 12, 1 (Engl. Transl.)l. 

13. G. M. Batrenev and I. V. Razumovskaya, Fiziko- 
khimicheskaya mekhanika materialov [ Physicochemical Ma- 
terials Mechanical, 1969, 5, 60 (in Russian). 

14.1. M. Molotskii, Kinet. KataL, 1981, 22, 1153 [Kinet. 
Catal., 1981, 22 (Engl. Transl.)[. 

15. A. G. Klyazeva, Fizika gareniya i vzryva [Combustion and 
Explosion Physical, 1994, 44 (in Russian). 

16. L. I. Manevich, and V. V. Smirnov, Vysokomolek. 
soedineniya, A, 1994, 36, 552 [Polym. Sci. USSR, Set. A, 
1994, 36 (Engl. Transl.)]. 

Received November 19, 1997; 
in revised form December 23, 1997 


