
Abstract. The results of physicochemical studies of solid-phaseThe results of physicochemical studies of solid-phase
transformations under shock compression are analysed. Thetransformations under shock compression are analysed. The
characteristic time of phase transitions and chemical reactions incharacteristic time of phase transitions and chemical reactions in
shock-compressed solids found experimentally does not exceedshock-compressed solids found experimentally does not exceed
onemicrosecond. Possible reasons for ultrafast atom diffusion areonemicrosecond. Possible reasons for ultrafast atom diffusion are
discussed. Hydrodynamic mixing of reactants is believed to be thediscussed. Hydrodynamic mixing of reactants is believed to be the
most feasible mechanism. Prospects for basic and applied researchmost feasible mechanism. Prospects for basic and applied research
in the field are outlined. The bibliography includes 151 referencesin the field are outlined. The bibliography includes 151 references..

I. Introduction

In synthetic chemistry, the composition and structure of com-
pounds are often varied using high temperature and high pressure
techniques. The results obtained are strongly dependent on the
level of thermodynamic parameters used. While the range of
appropriate high temperatures is limited by the melting or
evaporation of a chemical compound, the static pressure is limited
by the ultimate strength of the anvil material. Experiments with
diamonds made is possible to reach a pressure of up to*106 atm
(*100 GPa) paying for an enhanced pressure with progressive
diminution of the working volume (to a few micrometres). Such
experiments provide new scientific information but not novel
materials.

There is also a basically different method of producing high
pressures, which is free from this drawback. The technique is
called pulse compression of matter using shock waves, or simply
shock compression. Physics of pulse pressures rapidly developed
during and immediately after the World War II. The shock wave
chemistry, as a new avenue of scientific research, emerged in the
late 1950s and its development is to a great extent due to achieve-
ments in physics and technology of ultrafast methods of inves-
tigation. Of particular interest are investigations of the duration
and mechanisms of solid-phase transformations induced or
assisted by shock waves. This is the subject of the present review,
which also concerns the latest advances in shock wave chemistry.

II. Shock waves

1. Introduction to physics of shock waves
A shock wave is a narrow region of compressed matter, which
propagates with a supersonic speed. It emerges upon detonation
of explosives, collisions between rapidly moving bodies and
obstacles, high-power electric discharges and laser ablation of
crystals (see references cited in Ref. 1).

If the shock wave is represented as a plane separating the
initial and perturbed state of matter, the following equations hold
on both sides of the plane in accord with the laws of mass,
momentum and energy conservation:

r0D= r (D7U ), (1)

P7P0= r0DU, (2)

�Eÿ E0� ÿ
U 2

2

" #
r0D=P0U, (3)

where r is the density of matter,D is the shock-wave velocity,U is
the mass (particle) velocity behind the shock wave front, P is the
pressure, E is the internal energy; the subscript `zero' corresponds
to the initial state (the shock wave and particle velocities are also
denoted as Us and Up, respectively). The state of matter under
shock compression is described by the shock adiabat (orHugoniot
adiabat), most often in the P ±V or D ±U coordinates. If r is
expressed in g cm73 and the parameters D andU are expressed in
km s71, the pressure P is given in GPa.

It was experimentally established that at pressures below
100 GPa the shock adiabats of many materials obey a linear
relation

D= c0+ lU, (4)

where c0 is a parameter similar to the bulk sound velocity and l is a
coefficient, which characterises the slope of the shock adiabat and
is of the order of unity

l � Dÿ c0
U

. (5)

Rodean 2 proposed a relation between the coefficients c0 and l

1

2

�
c0
l

�2
=DHs , (6)
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where DHs is the heat of sublimation (here, the heat of atom-
isation) of a solid. It is valid for metals and some crystalline
compounds (alkali metal halides and MgO).

Relation (4) can be derived theoretically from the equation of
state for internal energy of shock compression. Using the Morse
function (known in spectroscopy), the following expressions for
the coefficients c0 and l were obtained 3

c0=
A

3B
,

l � A

4
ÿ 1

5
,

where A= ar0 (a is the thermal expansion coefficient, r0 is the
bond length under normal pressure) and B=

��������
E=2

p
(here E is the

bond dissociation energy). Equation (4) with these coefficients
quite correctly reproduces the experimental shock adiabats of
metals and covalently bonded compounds. In principle, rela-
tion (4) can also be derived from other equations of state, e.g.,
the Birch ±Murnaghan and Mie ±GruÈ neisen equations.

Large deviations of theD= f (U) function from linear law are
due to physicochemical transformations of compounds under
shock compression and, hence, can serve as indicators of such
transformations. From Eqn (5) it follows that a change in c0 will
cause antiparallel changes in the l coefficient, namely, an increase
in the sound velocity (at the same parameters D and U ) leads to
decrease in the slope of the Hugoniot adiabat and vice versa. For
instance, for three forms of SiO2 (glass, crystalline quartz and
stishovite) the c0 values are respectively equal to 1.52, 2.20 and
5.07 and l=1.74, 1.60 and 0.18 (see Ref. 4). Analogously, the
Hugoniot equations for molybdenum 5 at room temperature and
at 1400 8C, respectively, have the form

D=5.136+1.220U,

D=4.78+1.42U.

If Eqn (4) fails to correctly describe experimental data, a
parabolic equation

D= c0+ lU� mU 2, (7)

with the coefficient m55 1 is used. The generalised shock adiabat
equation is as follows 6

D= c0+ lU� mU 2

c0
. (8)

For alkali metals, l=1.1 and m=0.04; for other metals and
inorganic salts, l=1.5 and m=70.05 and for organic liquids
l=2.0 and m=70.1. Methane, solid and liquid CO2 and water
obey the same generalised shock adiabat equation:7

D= c0+1.9U7
0:08U 2

c0
,

where c0=1.15, 1.8, 1.0 and 1.95, respectively.
It should be emphasised that the shock adiabat describes the

bulk compression of a body. Initially, the action of dynamic
pressure causes elastic compression of a crystal, which is followed
by elastoplastic and then bulk compression of the body with an
increase in pressure (Fig. 1). Therefore, the shock adiabat begins
with a particular non-zero pressure (ponit 1). At pressures below
the pressure corresponding to point 1, the parameters of state are
usually obtained by extrapolating experimental data from the
bulk compression region to P=0. X-Ray diffraction studies of
crystals undergoing shock compression showed that at low shock
velocities a single crystal experiences uniaxial compression accom-
panied by a change in symmetry (e.g., a cubic unit cell is trans-
formed into a tetragonal one) while bulk compression of the body
with preservation of initial symmetry occurs at high shock
velocities.8 ± 12

In studies of monolithic bodies it is possible to measure their
dynamic elastic limit (Hugoniot elastic limit, HEL). Experimental
PHEL values for the polycrystalline state of some elements are
listed in Table 1. There are several elements with known PHEL

values; therefore, elaboration of methods of a priori estimation of
these characteristics is required.

Based on the assumption of similarity between the plastic and
liquid states of the body, the work of plastic deformation (taken
with some coefficient) was equated 13 to the heat of melting, and
an equation relating theHEL pressure to the change in the volume
of the body upon `mechanical melting' was derived:

PHEL= k
DHm

DVm

, (9)

where DHm is the heat of melting, DVm is the decrease in the
volume of the body from the initial volumeV0 to the volume upon
mechanical melting,Vm. The calculatedPHEL values for a number
of elements with presently unknown experimental data are also
listed in Table 1.

Parameters of Eqn (4) are related to themechanical character-
istics of the body measured under static loading, namely, the
isentropic bulk elastic modulus (B0) and its pressure derivative, by
the following equations:15

40
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P /GPa

4.03.8 4.2 r /g cm73
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2

Figure 1. Shock compression diagram of a solid (Al2O3 single crystal).

Point (1) corresponds toHELpressure of 20 GPa, and point (2), to a phase

transition at 80 GPa. Elastic compression region (0<P<20 GPa) and

bulk compression region (P>20 GPa).

Table 1. HEL pressures (PHEL /GPa) for chemical elements.13, 14

Experiment Calculations

element PHEL element PHEL element PHEL

Al 0.54 Mo 1.6 B 9.70

Be 0.14 ± 0.55 Nb 2.07 Cd 0.20

Bi 0.3 Ni 1.0 La 0.05

C 63 Pb a 0 Pt 2.18

Cr 1.6 Sb 0.95 Re 4.68

Cu 0.15 ± 0.63 Si 6.5 Sc 0.22

Ge 5.05 Ta 2.3 ± 2.8 Tl 0.19

Fe 1.1 ± 1.5 Th 0.14 Zn 0.33

Mg 0.11 Ti 1.85 Zr 0.60

W 3.2 ± 3.9

aAnnealed sample.
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c0=

������
B0

r

s
, (10)

l � B0
0 � 1

4
.

These expressions make it possible to relate the parameter l to
the GruÈ neisen constant (G)

G=
1

cVs
bV0 �

1

cP
bB0V0 ,

where cV and cP is the heat capacity at constant volume and
pressure, respectively; s is the isothermal compressibility and b is
the bulk thermal expansion coefficient.

The following empirical relationship 16 correctly reproduces
the experimental data for metals:

b � 1

3

B0
0 � 1

B0V0

cP . (11)

From this equation one gets

l=
3

4
G. (12)

A number of equations describing the dependence of l on G
are also available. For instance, the coefficient l is often estimated
using the following relation 17

l � 1� G
2

. (13)

When applied to metals, Eqns (12) and (13) give similar
results.

As a rule, G is assumed to be inversely proportional to the
volume of the body

GV=G0V0 .

However, this is not always true. For instance, in the case of
NaCl an increase in pressure from 0 to 3 GPa is accompanied by
reduction of the volume and a decrease in the GruÈ neisen constant
of the material from 1.52 to 1.40 (see Ref. 18), whereas heating of
molybdenum to 1400 8C leaves the G value unchanged (1.52).5

All experimentally determined coefficients in the Hugoniot
equations for elements and inorganic compounds available at the
moment (data taken from monograph 4 or from more recent
studies cited in this review), as well as those calculated using
expressions (10) are listed in Tables 2 ± 4. All these data refer to
low-pressure phases. In most cases the experimental and calcu-

Table 2. Coefficients in the Hugoniot equations of chemical elements.4

Element c0 l Element c0 l Element c0 l Element c0 l

Li
4:760

4:659

1:065

1:15

Na
2:624

2:585

1:188

1:225

K
1:991

1:932

1:17

1:25

Rb
1:232

1:304

1:184

1:225

Cs
0:363

0:972

1:583

1:20

Cu
3:899

3:986

1:520

1:55

Ag
3:178

3:177

1:773

1:675

Au
3:063

2:979

1:563

1:75

Be
7:993

8:030

1:132

1:10

Mg
4:540

4:489

1:238

1:30

Ca
3:438

3:397

0:968

1:05

Sr
2:10

2:128

0:94

0:975

Ba
1:108

1:603

1:369

0:90

Zn
3:031

2:80

1:608

1:775

Cd
2:434

2:22

1:759

1:90

Hg
1:75

1:58

1:72

1:85

C
12:16

11:39

1:00

1:20

Si
7:99

6:48
(see a)

1:42

1:275
(see a)

Ge
3:151

3:77

1:79

1:375

Sn
2:437

2:727

1:688

1:55

Pb
1:981

1:967

1:603

1:60

Ti
4:937

4:827

1:04

1:35

Zr
3:812

3:70

0:977

1:20

Hf
2:954

2:87

1:121

1:25

B
ÿ

9:06

ÿ
1:075

Al
5:333

5:278

1:356

1:45

Ga
2:501

3:144

1:560

1:00

In
2:560

2:401

1:477

1:65

Tl
1:809

1:721

1:597

1:575

Sc
4:496

4:48

0:955

0:95

Y
3:381

3:00

0:725

0:85

La
2:064

1:915

1:012

1:225

N
1:572

1:246

1:365

1:225

P
ÿ

3:584

ÿ
1:575

As
ÿ

3:195

ÿ
1:325

Sb
1:98

2:429

1:63

1:525

Bi
1:861

1:795

1:520

1:675

V
5:050

5:13

1:227

1:325

Nb
4:472

4:46

1:114

1:475

Ta
3:431

3:42

1:159

1:10

O
2:327

1:20

1:215

1:35

S
2:334

2:13

1:588

1:75

Se
ÿ

1:87

ÿ
0:925

Te
3:242

1:83

0:888

1:575

Cr
5:153

5:00

1:557

1:55

Mo
5:100

5:11

1:266

1:30

W
4:015

4:09

1:252

1:20

H
ÿ

1:37

ÿ
2:075

F
ÿ

2:18

ÿ
1:35

Cl
ÿ

2:53

ÿ
1:55

Br
1:51

1:88

1:24

1:55

I
1:50

1:71

1:46

1:55

Mn
ÿ

4:185

ÿ
1:70

Tc
ÿ

4:97

ÿ
ÿ

Re
4:068

4:18

1:375

1:60

Fe
4:63

4:647

1:33

1:775

Co
4:743

4:747

1:227

1:15

Ni
4:501

4:530

1:627

1:55

Ru
ÿ

5:055

ÿ
1:90

Rh
4:775

4:639

1:331

1:375

Pd
3:955

3:911

1:701

1:85

Os
ÿ

4:170

ÿ
1:375

Ir
3:930

4:015

1:536

1:45

Pt
3:605

3:614

1:560

1:575

He
0:712

0:761

1:36

1:35

Ne
ÿ

0:895

ÿ
2:55

Ar
1:249

1:02

1:588

1:375

Kr
0:70

0:84

1:72

1:30

Xe
1:16

0:815

1:40

1:40

Th
2:18

2:26

1:24

1:40

U
2:51

2:43

1:51

1:75

Note. Here and in Tables 3 and 4 the values of the parameter c0 are given in km s71; figures in the numerator denote experimental data and figures in

denominator denote theoretical data. aData taken from Ref. 19.
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lated values are similar. Differences between them are due to the
phase transformations at elevated pressures (as a result, the
characteristics determined under shock compression correspond
to certain phases that differ from the phases for which the B0 and
B0
0 were measured; this is the case for, e.g., tellurium).
Table 5 presents the coefficients in the Hugoniot equations of

low-molecular-mass compounds and polymers obtained from
Refs 4, 27 ± 30 or calculated by the least squares method from
experimental D and U values reported in the same studies.

Since the bulk and elastic compression of a body differ by

D=D7c0 ,

the coefficient l depends on the compressibility of the material.
For instance, based on the l values listed in Table 2, metals can be
divided into two groups. One group comprises the main-group
elements (except for Cr and Group VIII metals) characterised by
�l=1.12� 13%; while the other group comprises transition
metals with �l=1.61� 7%. The difference is due to lower com-
pressibility of the d-metals compared to the s,p-elements. Caesium
(l=1.58) presents a particular case, which is probably due to
physicochemical transformations of this metal (oxidation or
phase transitions) in the course of sample preparation or during
the shock compression experiments.

The aforesaid concerns monolithic bodies. However chemists
most often work with powders. Here, the porosity of the materials
should be taken into account. Propagation of a shock wave
through a porous material is accompanied by the `collapse' of
pores and compaction of the powder to form a monolithic body,
friction of particles during compaction, their grinding due to
unloading (expansion) of the hard material to a softer one or to a
pore, deformation of crystalline grains and plastic flow, which
leads to heat release and possible contact melting of particles.
Highly porous materials are heated to so high temperatures that
the effect of heating can exceed the effect of the high pressure
(anomalous compression) (Fig. 2).31 Shock compression of
porous materials with very high porosities made it possible to
obtain dense high-temperature plasma.32 ± 34

A number of models are available, in which porous materials
under shock compression are treated as loosemonolithic bodies (a
review of such models can be found in Ref. 35). The Hugoniot
adiabats of powders are also calculated under assumption of
heterogeneous medium (`mixture of monolithic body and air').
The following equation was derived 6 assuming a seven-fold
decrease in the pore volume upon compression

Table 3. Coefficients in the Hugoniot equations of low-pressure phases of
metal and NH4 halides.4

Cation Fluorides Chlorides Bromides Iodides

c0 l c0 l c0 l c0 l

Li
5:15

5:26

1:35

1:55

3:93

3:96

1:41

1:50

2:92

2:67

1:33

1:65

2:87

2:17

0:89

1:75

Na
4:25

4:15

1:36

1:52

3:385

3:415

1:38

1:55

2:62

2:555

1:32

1:55

2:09

2:12

1:576

1:575

K
2:324

3:55

1:65

1:55

2:15

3:02

1:54

1:60

1:93

2:40

1:44

1:60

1:787

1:97

1:372

1:60

Rb
2:067

2:72

1:419

1:62

1:565

2:44

1:615

1:60

1:585

2:05

1:47

1:60

1:337

1:78

1:518

1:575

Cs
1:63

2:31

1:68

ÿ
2:182

2:133

1:481

1:60

2:06

1:88

1:36

1:60

1:85

1:64

1:33

1:65

Cu
3:08

3:08

0:21

1:27

ÿ
2:74

ÿ
1:25

2:50

2:50

0:43

1:25

Ag
ÿ

2:93

ÿ
ÿ

ÿ
2:81

ÿ
1:85

ÿ
2:505

ÿ
1:95

ÿ
2:02

ÿ
1:09

Tl
ÿ

1:49

ÿ
1:30

1:85

1:83

1:54

1:575

ÿ
1:69

ÿ
1:60

1:35

1:55

1:56

1:62

NH4
ÿ
ÿ

ÿ
ÿ

3:59

3:92

1:404

1:575

ÿ
2:89

ÿ
1:425

ÿ
2:43

ÿ
1:3

Table 4. Experimentally determined coefficients in the Hugoniot equa-
tions of low-pressure oxide, chalcogenide, nitride and carbide phases.

Phase c0 l Phase c0 l

BeO 8.44 1.22

MgO 6.60 1.37

CaO 3.80 1.59

MnO (see a) 5.32 1.18

FeO 3.72 1.59

NiO (see b) 5.35 1.21

ZnS 3.13 1.30

ZnSe 4.00 1.15

SnS 2.370 1.156

SnTe 2.474 1.468

FeS 2.886 1.603

TiC 5.17 1.42

HfC 5.11 1.53

SiC 8.00 0.98

NbC 5.38 1.46

TaC 3.32 1.49

WC 5.63 1.16

BN (see c) 7.48 1.47

AlN (see d) 3.27 1.81

TiAl (see e) 4.36 2.92

TiO2 2.926 1.865

ZrO2 4.38 1.37

SiO2 (see f) 2.20 1.596

SiO2 (see g) 5.07 0.183

SiO2 (see h) 1.52 1.74

GeO2 (see i) 5.23 1.96

GeO2 (see j) 0.63 1.84

MnO2 3.632 1.52

UO2 3.88 1.11

TiB2 (see k) 8.622 0.795

MgF2 3.50 1.56

CaF2 4.76 1.30

Mg(OH)2 4.75 1.27

FeOOH 4.47 1.60

FeS2 5.15 1.52

Fe2O3 6.24 1.39

Fe3O4 4.26 1.37

Fe3C 4.60 1.87

Al2O3 7.93 1.50

Si3N4 (see l ) 4.585 1.489

aData taken from Ref. 20. bData taken from Ref. 21. cData taken from

Ref. 22. d For NaCl-type structure.23 eData taken fromRef. 24. f Quartz.
g Stishovite. hGlass. i Rutile-type structure. j Quartz-type structure. kData

taken from Ref. 25. l Data taken from Ref. 26.

Table 5. Coefficients in theHugoniot equations of the low-pressure phases
of low-molecular-mass compounds and polymers.

Compound c a l Compound c a l

N2 1.59 1.36 (C2H5)2O 1.67 1.455

NH3 2.00 1.51 CHBr3 1.265 1.533

H2O 1.50 2.00 C2H5Br 1.58 1.36

CO 1.54 1.40 C2H2Cl2 1.11 1.75

CO2 2.16 1.465 CH2Br2 1.0 1.6

CS2 1.64 1.46 CH2I2 0.96 1.54

CCl4 1.47 1.57 formic acid 1.982 1.406

CH4 (115K) 2.841 1.168 acetic acid 2.299 1.267

C6H14 1.738 1.446 butyric acid 2.128 1.384

C7H16 1.808 1.450 aniline 2.506 1.275

C10H22 1.970 1.458 anthracene 3.21 1.445

C13H28 2.013 1.460 phenanthrene 3.097 1.417

C14H30 2.095 1.463 pyrene 3.031 1.457

C16H34 2.127 1.464 polystyrene 2.48 1.63

C6H6 1.88 1.58 polyethylene (r=0.92) 2.83 1.408

C6H5CH3 1.72 1.66 polypropylene 3.00 1.42

C6H5NO2 2.01 1.59 polyurethane 2.24 1.71

C6H3(NO2)3 2.318 2.025 paraffin 2.960 1.531

C6H2CH3(NO2)3 2.390 2.050 plexiglass (r=1.18) 3.08 1.308

CH3NO3 2.07 1.34 teflon (r=2.18) 2.18 1.580

CH3OH 1.73 1.50 nylon 2.500 1.747

C2H5OH 1.785 1.575 rubber 1.84 1.44

C4H9H 1.868 1.497 foam plastic

C5H11H 1.988 1.487 r=0.30 0.15 1.290

C6H13H 2.324 1.378 r=0.65 1.07 1.340

C3H5(OH)3 3.07 1.34 r=0.70 1.19 1.350

CO(CH3)2 1.91 1.38 acetonitrile 2.754 1.088

aCoefficient c (km s71) can be significantly different from c0 .
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U 2
� � U 2 � 6

7
�mÿ 1�PV0 . (14)

Here U� is the particle velocity in the powder, U is the particle
velocity in themonolithic body, andm=V00=V0 , whereV00 is the
powder volume and V0 is the monolithic body volume.

From the U� value found from Eqn (14) at constant pressure
and powder density one can determine the corresponding shock-
wave velocityD� . In a particular range of pressures the calculated
U� and D� values can be described by an equation similar to
Eqn (4)

D�= a+ bU� .

The results of calculations using this equation are in agree-
ment with the experimental data for powders with moderate
porosities. But as the sample porosity increases, the parameters a
in the experimental Hugoniot equations decrease down to zero.
Unlike c0 , the parameter a cannot be treated as the bulk sound
velocity in the porous material; its value lies in the range between
the sound velocity inside the grain and the speed of slowmotion of
the grains involved in `relay'-type sound transmission in the
sample. This approach corresponds to the Touvenin model,36

which considers powders as systems of plates that transmit
perturbation in a porous medium.

It was experimentally shown that the behaviour of a powder
under shock compression differs from that of a monolithic body.
For instance, experiments involving throw of aluminium and
copper impactors in porous aluminium (r=63% of the density
ofmonolithic body) showed that the same pressure corresponds to
different shock-wave velocities (difference is 300 m s71) while
different pressures aremeasured at the same shock-wave velocities
in the powder, depending on the impactormaterial.37 This effect is
impossible under shock compression of monolithic bodies.

The Hugoniot parameters

D1, 2= c1, 2+ l1, 2 U1, 2 (15)

of a binary mixture (alloy) composed of the solids 1 and 2 can be
calculated using the additivity scheme

U 2
1; 2 � xU2

1 � �1ÿ x�U 2
2 , (16)

where x is the mass fraction of a component. Relation (16) has the
sense of the law of energy conservation, because the energy of a

mass unit of the mixture equals the sum of the energies of the
components that experienced shock compression at the same
pressure.

If the Hugoniot adiabats of components are unknown, one
can use their mechanical characteristics and sum the B/r ratios of
the components 1 and 2 with allowance for their mass fractions
(because these parameters have the dimension of energy) and then
determine the coefficients c1, 2 as follows

c1; 2 �
�����������������������������������
B1

r1
x� B2

r2
�1ÿ x�

s
,

where l1, 2 is the weight-average value of l1 and l2 owing to a small
difference between these parameters.

The dynamic pressure produced by shock waves differs from
static pressure by very short duration of the periods of pressure
rise (*10712 s) and stationary action (*1076 s). Tensile stress
(negative pressures) produced in the solid in the unloading wave
allows the shock wave to reach the surface of the sample, which is
accompanied by spalling phenomena. These features can cause
basically new effects under the action of shock waves on sub-
stances compared to those observed at high static pressures.

Whereas determination of dynamic pressures presents no
severe difficulties, measuring the shock temperatures is a rather
complicated task. In this case the most objective thermocouple
method is slow, while optical pyrometry data (this technique is
characterised by very short time delay) are interpreted under
assumptions (blackbody model, uniform emission of radiation
from the surface) that require experimental check-up. A recently
proposed, new promising technique for measuring the shock
temperatures involves the use of NMR spectroscopy. To date, it
was only employed in a study of molybdenum.38 Experimental
shock Hugoniots of heated substances are necessary for solving a
number of physicochemical problems. However, their number is
limited. Such adiabats can be obtained by measuring the bulk
elastic moduli at different temperatures.

There is a few crystals with known shock compression
characteristics at different temperatures. These are NaCl and
LiF,18 Mo 5 and SiO2 .39 Heating of the first two materials from
25 to 400 8C causes a decrease in c0 from 3.3 to 2.9 km s71 (NaCl)
and from 5.0 to 4.5 km s71 (LiF); the parameter l decreases from
1.7 to 1.5 (NaCl) and from 1.5 to 1.3 (LiF). The same parameters
of molybdenum vary in different fashion on heating from room
temperature to 1400 8C; namely, c0 changes from 5.14 to
4.78 km s71 while l changes from 1.22 to 1.42. In glassy SiO2,
the bulk sound velocity (*0.75 of the longitudinal sound velocity)
increases from 4.46 to 4.84 km s71 in the temperature range
20 ± 1050 8C. Inmolten SiO2, it increases from4.90 to 4.93 km s71

in the temperature interval from 1530 to 2010 8C.
The bulk elastic modulus of ZrO2 and its pressure derivative

(265 GPa and 4.0, respectively) remain unchanged in the temper-
ature range from 25 to 1400 8C,40 but since the density of the body
decreases on heating in this case, it follows fromEqns (10) that the
coefficient c0 increases while the parameter l retains its value. The
results of B0 measurements for a number of metals at 7273 (B1)
and 27 8C (B2) showed 41 a decrease in this parameter on heating.

Element Al Cu Fe Pb a-Pu
B1/B2 1.075 1.036 1.030 1.104 1.303

A large change in the elastic modulus of a-Pu is due to changes
in the 5f-electron shell of plutonium atom.

No general trend in the influence of temperature on the
parameters of Eqn (4) has been revealed so far. This effect should
be studied in each particular case.

2. Recovery of shock compression products
Ryabinin 42 pioneered in the recovery and investigation of the
products of shock compression of chemical compounds. Despite
the lack of interesting chemical results, his study opened a new
research avenue in the physics of shock waves, which was called

P /GPa

V /cm3V00V0V

1

2 3

Figure 2. Shock compression diagrams of bodies of different porosity.

Monolithic body (V0 ?V ) (1), porous body (V00?V ) (2), anomalous

compressibility of highly porous material (starting point is shifted towards

V0) (3); regions filled with horizontal lines and squares correspond to the

energies of compression of porous and monolithic bodies, respectively;

V is the final volume of compressed body, V0 is the volume of monolithic

body and V00 is the powder volume.
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`recovery experiments'. Later on, cylindrical ampoules employed
by Ryabinin were significantly simplified and modified. Here we
will consider the main types of such ampoules.

Figure 3 a presents a scheme of typical experimental setup
with a steel cylindrical ampoule. The modification of the
ampoules consists in the use of layered shells made of different
materials (Fig. 3 b). The shells provide a stepwise loading of the
substance by shock waves owing to difference between the shock-
wave velocities in different materials. Yet another modification
consists in the use of an attached large container (Fig. 3 c) for
expansion (scattering) and subsequent quenching of shock com-
pression products in the course of unloading. Prior to explosion,
the cylindrical ampoules can be heated 43 or cooled (by, e.g., liquid
nitrogen) in order to adjust the thermodynamic conditions. To the
same end, water or other substances with high heat capacity can be
added to the sample to be compressed (they absorb heat and thus
provide corresponding cooling).

In the case of uniformly distributed charge of the explosive,
cylindrical ampoules provide an axially symmetrical compression
of the substance with minimum deformation of the sample.
However, if the explosive is concentrated within some sectors of
the cross section (Fig. 4), a strong deformation of the ampoules
can be achieved. If the empty regions in the charge (see positions 1
in Fig. 4) are filled with materials of different mechanical hard-
ness, it is possible to control the degree of the ampoule deforma-
tion.

Owing to very high pressure in the axial (Mach) region,
cylindrical ampoules are, as a rule, used for the synthesis and

modification of chemical compounds. If the thermodynamic
parameters in this region are to be reduced, cylindrical ampoules
with a metallic rod at the centre are employed. This allows
repeated reflection of the shock wave from the rod and walls,
thus causing the pressure to increase with minimum heating of the
substance.

An important modification was the invention of dynamic ±
static compression ampoules 44 where the compound is sur-
rounded by the working substance (e.g., KBr) which undergoes a
reversible phase transition. Under loading, KBr undergoes a
structural transition of the NaCl?CsCl type accompanied by a
15% reduction of the volume, while in the unloading stage
potassium bromide should return to its initial state. However,
the hard recovery ampoule, which is made of strain-hardening
steel and therefore becomes even harder during shock compres-
sion, makes the expansion of the working substance impossible.
As a result, a residual (static) pressure is produced inside it
(Fig. 5). The internal static pressure equal to the phase transition
pressure (2 GPa) is rather high; this precludes annealing of
thermally unstable high-pressure phases, in particular, a WuÈ rt-
zite-type boron nitride (w-BN) polymorph.45

Another group of recovery systems includes plane ampoules in
which pressure is produced using a mud cap (Fig. 6 a) or by throw
of impactor plate (Fig. 6 b). By varying the composition of the
explosive, the material and the thickness of the impactor plate it is
possible to change the magnitude and duration of the dynamic
pressure. Additionally, such systems provide a better possibility
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Figure 3. Schemes of experimental setups with cylindrical recovery

ampoule (a), cylindrical recovery ampoule with layered shell (b) and

recovery ampoule with large cavity (c).

Detonator (1), explosive (2), ampoule (3) and sample to be compressed (4).
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Figure 4. Sections of cylindrical ampoule with sector arrangement of

explosive.

(1) Air (or other inert material), (2) explosive.
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Figure 5. Experimental setup for dynamic-static compression (a) and

corresponding pressure ± time diagram (b).

(a) Detonator (1), explosive (2), ampoule (3), working substance (e.g.,

KBr) (4) and sample to be compressed, e.g., graphite-like boron nitride

(g-BN) (5).

(b) Temporal evolution of dynamic pressure (1), static pressure (2) and

phase transition pressure (2 GPa for KBr) (3).
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Figure 6. Schemes of plane recovery ampoules employed under shock

compression using a mud cap (a) and throw of an impactor (b).

Detonator (1), plane wave generator (2), explosive (3), sample to be

compressed (4) and impactor plate (5).
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for heating of the substance under study without contact between
the ampoule and explosive before explosion. Uniaxial loading in
plane ampoules is convenient for pressure measurements and
calculations, but the design of the experimental setup is labour-
consuming. Plane ampoules are most often used for explosive
compaction or pre-activation of brittle powders, because in this
case the thermodynamic parameters in the bulk of the sample are
the same and can easily be controlled. Forced high-strain-rate
deformation of samples also appeared to be efficient for compac-
tion. To this end, the diameter of the pellet made of the substance
under study should be smaller than the diameter of the ampoule.
Planar impact is followed by plastic flow of the sample across the
inner section of the ampoule, which sometimes results in trans-
parent samples of rather strong materials.

Stepwise loading of samples in plane ampoules is attained
using layered shells or impactors. Here, the temperature of the
substance compressed is much lower (isentropic compression)
than in the case of single-shot loading with the same explosive. In
order to increase the pressure in the plane recovery ampoules,
schemes with counter-propagating shock waves are used (Fig. 7).
Other types of plane recovery ampoules were described in a
review 46 and in a monograph.4

The most industrially important procedure for recovery of
explosion products involves placing a mixture of the substance
under study and the explosive in a mechanically hard chamber for
preservation of the expanding detonation products. For better
annealing of detonation products, the charge is surrounded by an
ice shell. The advantage of this technique consists in the absence of
recovery ampoules, which makes the process much cheaper.
Additionally, expansion of products within a large cavity causes
annealing of high-pressure phases. The detonation parameters of,
e.g., TNT (P=18.4 GPa, T=2900 8C) are sufficient to ensure
transformation of graphite to diamond. As a result, the yield of
diamond upon detonation of a graphite ± explosive mixture or a
pure explosive giving carbon as a solid detonation product can be
as high as tens per cent. This is an order of magnitude higher than
the yield provided by the ampoule technique (although the
detonation diamond particles are much smaller than the particles
obtained using the ampoule method). In Russian Federation,
detonation diamonds are produced on a large-scale basis.

Probabilistically (assuming a homogeneous detonation
cloud), the formation of detonation diamonds in the form of
clusters comprising about *104 atoms is impossible. Indeed,
detonation of TNT or TNT±RDX alloys gives H2 , CO, CO2 ,
H2O, NO, NO2 , carbon clusters Cn (n=1±6), etc. as products.
Even if we restrict ourselves to these products, the probability of
formation of a diatomic carbon cluster in the detonation cloud
equals 1/7, the addition of the third and fourth carbon atom
reduces the probability to 1/49 and 1/343, respectively, etc.
Therefore, the probability of formation of a cluster comprising
ten carbon atoms approaches zero. Nevertheless, the number of

atoms in the actually formed clusters is three orders of magnitude
larger!

We believe that this can be explained by heterogeneous
(layered) structure of the detonation cloud. The layers mainly
include carbon atoms or hydrogen or water molecules, etc. The
formation of layers can be understood if we assume that, upon
detonation, all fragments of the explosive molecule have the same
kinetic energy of mu2/2 (m and u are the mass and velocity of a
molecular fragment). Then, the velocities of the detonation
products are inversely proportional to

����
m
p

and the detonation
cloud will contain layers of atoms or molecules of different
masses. Formation of diamond clusters will occur in the layer
that comprises mainly carbon atoms. Similar masses of different
molecules in the same layer impose a limitation on the growth of
cluster and it is contaminated with impurities, which is observed in
the experiments.

Methods of preservation of the shock compression and
detonation products are used for chemical purposes, namely, for
performing phase transformations and synthesis of novel com-
pounds. Shock-induced syntheses and compaction, pre-sintering
and catalytic activation of brittle materials have been documented
in a review.47

III. Features of phase transitions in shock waves

Iron shock compressibility studies 48 revealed a break in the
Hugoniot curve at 13 GPa, corresponding to the a-Fe? e-Fe
transition. Analysis of e-Fe fragments found upon disruption of
target unambiguously indicated a phase transition with a duration
of t4 1076 s. Optical studies 49, 50 showed that transitions under
shock compression occur 107 ± 1014 times faster than in static
experiments.

What is the reason for high rate of the phase transitions under
dynamic compression?

Variation of the bond lengths in crystals upon polymorphic
transformations lie within the range of amplitudes of thermal
atomic vibrations (*10% of the bond length). Therefore, the
duration of the phase transition can be estimated from shock-
induced thermal atomic jumps. The action of shock waves causes
fragmentation of crystalline grains, produces vacancies and dis-
locations in them and also causes heating of the body to very high
temperatures, which favours intensification of atomic vibrations.
The frequency of thermal vibrations is given by

w=A

������
kT

m

r
, (17)

where A is a constant, k is the Boltzmann constant and m is the
atomic mass. At room temperature, for hydrogen atom one has
w=661013 s71 and t& 2610714 s; for m=100 the time
changes by an order of magnitude; with allowance for high
pressure and activation energies 51 one gets t& 10712 s, which is
in agreement with experimental data.

Intensive studies of polymorphic transformations of simple
bodies (elements) and compounds under shock compression
began in the mid-1950s. Experiments showed that the dynamic
phase transition pressures are similar, often being somewhat
higher than the static transition pressures. This is due to the
hydrostatic character of shock compression (see above) and to the
fact that the dynamic loading temperature is higher than the
temperature at which static experiments are carried out (usually,
room temperature).

Analysis of the available experimental datamade it possible to
solve a number of fundamental problems concerning the kinetics
and mechanisms of shock-induced phase transitions. We will
consider these problems from the structural point of view, based
on the experimental data only.

First of all, mention should bemade of the anisotropy of phase
transitions in the crystals of alkali metal halides. Namely, if the
crystallographic axis 111h i is normal to the shock wave front, the
NaCl?CsCl type transitions occur at lower pressures, which

3 32 21 14

Figure 7. Scheme of a device for shock compression experiments using

counter-propagating shock waves.

Plane wave generator (1), explosive (2), impactor (3) and sample to be

compressed (4).
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corresponds to compression of the unit cell along its spatial
diagonal.52 This mechanism was studied in more detail using
KCl samples; the phase transition points at 2.5, 2.2 and 2.1 GPa
along the 100h i; 110h i and 111h i directions, respectively, were
observed.53 The anisotropic phase transition was explained in
terms of atomic displacements along the spatial diagonal of the
unit cell. However, coherent atomic displacements cannot cause
transformation of the graphite lattice into the diamond lattice.
Phase transitions require destruction (amorphisation) of the
starting crystalline graphite. This conclusion is substantiated by
the maximum yield of diamond in the detonation-induced trans-
formation of the most defect carbonaceous material, namely,
carbon black.

Analysis of these experimental findings gave an impetus to
studies on geometric modelling of phase transitions that served as
a basis for a separate avenue of scientific research.54

In the graphite ± hexagonal diamond (lonsdeilite) and
g-BN±w-BN systems both the initial and final modifications
have the same symmetry and the phase transition is driven by the
puckering of planar hexagonal graphite sheets accompanied by
the formation of sp3-bonds between the close-lying atoms belong-
ing to neighbouring sheets. A metastable g-BN phase was
detected 55 with an interplanar separation of 3.28 �A, which is
smaller than in the single crystal (3.33 �A), and 002 X-ray reflec-
tions are broadened owing to structural deformation in this
direction. Annealing of the wuÈ rtzite-type BN polymorph causes
the formation of the g-BN phase by the same mechanism, but in
the reverse order.56

Shock compression of CdF2 , CaF2 and CuBr results in
reduction of the unit cell parameters by 0.002, 0.003 and
0.047 �A, respectively (lattice parameters weremeasured with
an accuracy of �0.0005 �A) with retention of the unit cell symme-
try and valences of themetal atoms.4 Isomorphic reduction of unit
cell parameters after shock compression was small, but the
dielectric constants (e) responsible for the character of chemical
bonding changed substantially, namely, they increased from 7.1 to
7.9 for fluorite and from 10.0 to 17.8 for CuBr. This is quite clear,
since even a small shortening of the distance compared to the
equilibrium value causes a dramatic strengthening of electron
interaction and an increase in the atomic polarisabilities. Heating
of isomorphically compressed crystals is accompanied by exother-
mic effect and the crystal structures and properties return to the
initial state.

Isomorphic transitions also occur under the action of high
static pressures. For instance, the unit cell parameters of sama-
rium chalcogenides are dramatically reduced owing to an increase
in the valence of the metal [Sm(II)? Sm(III)]. In dynamic experi-
ments isomorphic reduction of structural parameters is due to
quenching of the shocked samples that occurs with retention of the
oxidation state of the atoms.

Specific phase transitions were detected under shock compres-
sion of Nb2O5 and Ta2O5 crystals. Shock compression causes
minor changes in the composition and results in the formation of
TiO2-type structures.57 Therefore, this transition is followed by
the formation of a structure in which 20% of sites in the metal
lattice are vacant (i.e., compounds of theM0.8O2 type are formed).
Shock compression of Ln2S3 (Ln=Tb, Dy, Ho, Er, Y) causes a
Ho2S3?Th3P4-type structural transition; here, each ninth site in
the metal sublattice is replaced by a vacancy.58 A similar trans-
formation was observed under shock compression of CeF4 , ThF4

and UF4 . These fluorides experienced a ZrF4?LaF3 structural
transition accompanied by the formation of 25% vacant sites in
the cation sublattice (i.e., MF4?M0.75F3 transition).59 Such
transformations were not detected under static compression,
because denser structures with ordered system of defects are
retained only upon rapid quenching of corresponding phases
during the shock-wave unloading.

An interesting phase transition occurred in TiO under shock.
The initial phase belongs to the monoclinic system (a=5.85,
b=9.34, c=4.14 �A, b=1078320). After shock compression the

diffraction pattern exhibited no weak lines while the intense lines
corresponded to cubic latice with a=4.176 �A. In this case the
phase transition accompanied by an increase in symmetry is also
driven by generation of numerous defects that are characteristic of
this crystal.60

As shown above, the shock wave technique makes it possible
to produce negative pressures that can be realised in the rarefac-
tion wave in the form of tensile stress in the samples under study.
Phase transformations at negative pressures can result in the
formation of loose structures that cannot appear at P5 0. Such
a structure was first found in our study of turbostratic BN under
shock compression. We found a very small amount of a new
polymorph (E-phase) 61 whose density was lower than that of
w-BN. The last-mentioned phase is formed only after annealing of
defects and corresponding increase in the degree of crystallinity of
the initial graphite-type boron nitride polymorph (w-BN is
formed under shock compression of g-BN if the density of the
starting phase is at least52.2 g cm73). The Hugoniot adiabats of
the BN samples with different densities show a similar trend.4 The
structural parameters of E-BN are very similar to those of a
certain fullerene phase:62, 63

Parameter a /�A b /�A c /�A r /g cm73

E-BN 11.14 8.06 7.40 2.50

C60 11.16 8.17 7.58 2.50

It is important that the E-phase is formed under shock
compression only in the axial region of cylindrical ampoules if
there is a cavity that appeared under the action of tensile stress in
the compressed material after irregular collisions of shock waves.
More recently, this phase was obtained by researchers from other
groups under the action of various physical factors on g-BN.64 ± 69

Now we will consider yet another unusual type of phase
transitions, which is atypical of physics of high static pressures.
Usually, heating is accompanied by polymorphic transformations
with the formation of looser structures, but there exist a number of
crystalline compounds (e.g., PbO, MnS, Ln2S3 , Ln2O3 , TiO2 ,
ZrO2 and LnF3) that undergo phase transitions accompanied by
densification upon heating. Under shock compression these com-
pounds are transformed into phases with lower density (compared
to the initial phase) and looser atomic structure (Table 6).

Anomalous phase transitions accompanied by loosening upon
dynamic compression were explained by the action of negative
pressures, however detailed studies revealed a more complex
phenomenon. Under the action of a shock wave the lattice of the
solid is disordered, dislocations are produced, and at higher
concentration of defects the crystalline compound transforms to
amorphous substance with minimum density (for the given
composition). Heating of such a material causes its crystallisation
in a phase with minimum density. Upon further heating the
material crystallises in a denser phase. This mechanism was
experimentally proved taking GeSeTe 71 and Nd2O3

72 as exam-

Table 6. Characteristics of anomalous phase transitions.70

Composi- Initial phase After shock compression

tion

structural type r /g cm73 structural type r /g cm73

Tm2S3 Ho2S3 6.27 new type 6.06

Nd2O3 A-form 7.42 C-form 6.29

SmF3 LaF3 6.93 YF3 6.64

HoF3 LaF3 7.83 YF3 7.64

GeSSe a-phase 4.0 g-phase 3.6

GeSTe a-phase 5.1 g-phase 4.7

GeSeTe a-phase 5.6 g-phase 5.2

ZrO2 tetragonal 6.03 monoclinic 5.83

PbO orthorhombic 9.72 tetragonal 9.43
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ples. Here, amorphous phases transformed into crystalline mod-
ifications with minimum density upon heating. The temperatures
of successive transitions can differ insignificantly; besides, it is
difficult to reach the desired range of thermodynamic parameters
under shock compression. Therefore, these transitions have not
long been detected.

Thus, an anomalous phase transition can be described by the
following scheme:

Correctness of this scheme is substantiated by occurrence of
anomalous transitions under static shear compression and upon
intense irradiation.4

The structural approach to the description of the features and
mechanisms of phase transitions under shock compression (see
above) is not unique. For instance, the kinetic and thermodynamic
aspects of this problem were also considered.73

IV. Duration of solid-phase chemical reactions

1. Measurements of the duration of solid-phase reactions
The fact that the shock compression time is sufficient for a phase
transition to occur was experimentally established in 1956.48 As to
solid-phase reactions, this was a moot question for long, because
either synthesis or decomposition of chemical compounds in the
recovery ampoules can occur both under shock and after unload-
ing due to residual heat.

A solid-phase reaction proceeds in several steps. These are
fragmentation of grains and cleavage of chemical bonds in the
initial components, mixing of different reagents to bring them into
contact at the atomic level and, finally, growth of new-phase
crystals to a size that ensures their existence. Since diffusion in
solids is slow, being even slower at high pressures (its rate is at least
six orders of magnitude slower than the rate required for the
synthesis on the microsecond time scale), solid-phase reactions
seemed to be hardly probable. At the same time, gas ± solid and
liquid±solid chemical interactions that take a few microseconds
have long been known (see, e.g., Refs 74 and 75).

Actual duration of solid-phase reactions under shock com-
pression was determined by measuring the time of the onset of
heat release in exothermic reactions, by search for high-pressure
phases among the synthesis products, by elucidating mechanical
after-effects of shock-induced transformations in the recovery
ampoules and, finally, bymeasuring the shock-wave velocities and
pressure in the reacting mixtures.

a. Temperature measurements
Thermocouple measurements of the temperature of the reaction

Sn+S SnS

were carried out in our research group since 1968 for a period of
two decades. The duration of the experiments gradually shortened
from 1071 to 41074 s due to the use of thinner thermocouples
and improvement of experimental procedure (see references cited
in Ref. 76). Measurements were carried out in the recovery
ampoules rigidly joined to massive metallic slab in order to ensure
immobilisation of the ampoules during the explosion. In order to
obtain objective information, the dynamic compression was
carried out under the same conditions for the reacting mixture
Sn+S, individual components (Sn, S) and reaction product
(SnS). Experiments showed that the residual temperatures of
these individual compounds measured 0.1 s after explosion varied
in the order 110? 120? 130 8C, whereas that of the reacting
mixture reached a value of 1110 8C, which corresponds to a 50%
chemical conversion.

The results of X-ray diffraction study of the samples of the
recovered products taken from different regions of the ampoule

showed that the synthesis occurs mainly in the axial region of the
cylinder (in the so-calledMach stem) and the extent of conversion
and the product composition (SnS or SnS2) depend on the
dispersion of the initial powder, which indicates a solid-phase
character of the reaction.

The results of thermocouple measurements were checked
calorimetrically. After an accurately measured time interval
(from several tens of seconds to 1 ± 2 min) after explosion, the
recovery ampoule containing the reactingmixture and the product
was taken out of the explosion chamber and placed in a water
calorimeter. After cessation of heat release in the calorimeter, the
temperature of the ampoule was calculated. Then, the ampoule
was taken out of the calorimeter, heated in a furnace to a certain
higher temperature and again placed in the explosion chamber.
This was done in order to cool the ampoule under the same
conditions as after the explosion. The cooling curve was measured
using a thermocouple. Such cooling curves allow an exact extrap-
olation of the calorimetrically measured temperatures to zero time
instant. The results obtained by the twomethods differed by a few
per cent. In the cylindrical ampoules with the diameter of the
orifice in the bottom plug equal to the diameter of theMach stem,
the substance in the axial region was blown away, which made it
possible to determine calorimetrically the contribution of the
Mach region to the overall enthalpy of the sample.

Further shortening of the duration of the temperature meas-
urements in the reacting systems was attained by using an optical
pyrometer. The results of the studies of Al+Fe2O3 ,77

Ni+Al,78, 79 Sn+S,80 and Sn+Te mixtures 81 showed that the
synthesis is completed after nearly 1077 s. It is significant that for
the Sn+Smixture the dependence of the temperature changes on
the pressure applied passes through a maximum (Fig. 8). This
indicates that the reaction can occur in a limited range of
pressures. Raising the pressure favours SnS formation, which is
accompanied by compaction, but simultaneously the thermal
effect (and, hence, the thermodynamic driving force) of the
reaction decreases.76

Real-time studies of the temperature dependences of the
shock-induced interaction of magnesium, aluminium and tita-
nium with sulfur were reported.82 ± 84 The reaction durations were
about 50 ns and the extent of conversion varied from 0.2 to 0.5.
An optical study of the Al7S system revealed a dependence of the
rate of the shock-induced reaction on the dispersity of the reacting
particles, which proves the solid-phase character of the process.
Under explosive loading using a TNT±RDX alloy the Mg7S
system shows that the first temperature rise region is followed by a
region of gradual increase in temperature due to the development
of the reaction after unloading. This can serve as a model for the
situation in the recovery ampoules.

Dense crystalline
phase

Shock
wave Amorphous

phase

Heating Loose crystalline
phase

100

300

500

700

DT /deg

10 20 30 40 50 P /GPa

Figure 8. Shock temperature plotted vs. pressure in Sn+S reacting

mixture.
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b. Kinematic measurements
Kinematicmeasurements (i.e., measurements of parameters under
shock compression) provide objective information on possible
chemical transformations in a mixture of solids. Deviation of the
shock compression curve of Sn+S mixture 85 toward a larger
volume and/or pressure at P5 15 GPa was the first direct proof
of the fact that the duration of a solid-phase reaction is of the
order of a few microseconds. More recently, chemical reactions in
shock waves were detected in the compressibility studies of
Sn+Te (at P>45 GPa),81 Ti+C (at P>15 GPa) 86 and
Ti+Ni (at 3.2 GPa) mixtures.87 According to unpublished data
obtained by G A Adadurov and S V Pershin (N N Semenov
Institute of Chemical Physics, Russian Academy of Sciences), the
shock compressibility curves of Fe+S and Cu+Al mixtures
exhibit kinks at 28 and 32 GPa, respectively, upon increase in
volume (Fig. 9).

Generally, the chemical interaction between the components
of a mixture can be accompanied by either a decrease or an
increase in volume. For the compositions MzX87z (X=Cl, Br, I;
S, Se, Te; P, As, Sb), the synthesis of compounds of Group 1B, 2B
and 3B metals leads to an increase in the volume, whereas the
synthesis of compounds ofGroup 1A, 2A and 3Ametals leads to a
decrease in the volume (this is partially compensated by an
increase in the volume due to thermal expansion). The magnitude
of the changes in the volume can be estimated with ease. Indeed,
the exothermic effect lies in the range 100 ± 200 kJ mol71, the heat
capacity is of the order of 40 ± 50 J (molK)71 and the temperature
of the substance increases to 2000 ± 4000 8C. The thermal expan-
sion coefficients of solids are about 261075; therefore, these
temperature changes cause the volume to increase by 4%±8%.
Physical measurements showed that the degree of conversion in
shockwaves is atmost 0.5; therefore, the actual increase in volume
due to thermal expansion is 2%± 4%. It is these numerical values
that should be used when comparing the volumetric changes
occurring as a result of a chemical reaction.

As typical examples, we will consider changes in the molar
volumes of the low-pressure phases in the reactions

M+S MS,

where M=Zn, Ca.
Calculations were performed using the expression

V=V0 1ÿU

D

� �
, (18)

derived by combining Eqn (1) and Eqn (2). HereV andV0 are the
initial and final volumes of the body, D and U are the shock and
particle velocities (see Section II). For ZnS, the U and D values
can be determined from the experimental Hugoniot adiabat 88 and
for CaS this can be done using the Hugoniot adiabat recon-
structed from Eqns (10) and the results of supersonic measure-
ments of B0 (64 GPa) and B0

0 (4.2). For Zn+S and Ca+S
mixtures, the particle velocities can be calculated using the
additivity scheme from the Hugoniot adiabats of the elements
(see Table 2) and Eqn (16). Having determined theU1, 2 values for
a number of the pressure values and knowing the density of the
mixtures, one can calculate D1 using expression (15) and then the
V values from Eqn (18). The P= f (V ) dependences were estab-
lished using the following characteristics:

for Zn+S

D=2.085+1.804U, r=3.95 g cm73;

for ZnS

D=3.13+1.30 U, r=4.085 g cm73;

for Ca+S

D=2.93+1.13 U, r=1.73 g cm73;

and for CaS

D=4.95+1.30 U, r=2.61 g cm73.

Since the synthesis of zinc and calcium sulfides is accompanied
by heat release (Q), one should take into account the additional
`thermal pressure' DPQ. According to theMie ±GruÈ neisen model,
at GV=const it can be calculated using an approximate relation

DPQ=
2GQ

V�G� 2� ÿ GV0

. (19)

The Q values for ZnS and CaS are 191.8 and 473.2 kJ mol71,
respectively (see Ref. 89). In fact, the conversions in shock waves
are at most 50%; therefore, the parameters of Eqn (19) are as
follows: 0.5Q, G=0.68 (ZnS) 88 and G=1.41 (CaS).90

Finally, we must allow for the change in the thermal effect due
to the different compressibility of the mixture and the product.
The difference in the shock compression work

Ec=
P�V0 ÿ V �

2

between the mixture and the product in the M+S?MS system
causes a decrease in Q by

DEc=Ec(M+S)7Ec(MS).

Table 7 presents the results of theV= f (P) calculations using
the relations listed above and the P* values for the heated
compounds obtained by summation of the P and DPQ values.
Analysis of the data in Table 7 and the plots in Fig. 10 shows that
the P ±V Hugoniot curve deviates towards larger volumes upon
the formation of ZnS and towards smaller volumes for the
synthesis of CaS. Raising the pressure causes the curves for CaS
and Ca+S to approach each other.

This result is important for the understanding of the processes
occurring, e.g., under shock compression of a Mo+2Si mixture.
A kink in the P ±V plot towards smaller volumes in the pressure
range 6.5 ± 7 GPa was interpreted 91 as a result of the melting of
silicon and corresponding increase in the compressibility of the
mixture. It was assumed 91 that capillary flow of molten silicon
limits the deformation of the molybdenum particles and mixing
between the reactants. However, in another study by these authors
a partial interaction in the same system, detected in the recovery
experiments was interpreted as a reaction of solid molybdenum
with molten silicon.92 According to Vreeland,93 the reactions of
titanium, niobium and molybdenum with silicon proceed by
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Figure 9. Kinks in the shock compressibility curves of various smixtures

in the region of chemical interaction.

Ni+Ti (*7 GPa) (1), Sn+S (*15 GPa) (2), Ti+C (*15 GPa) (3),

Fe+S (*28 GPa) (4), Cu+Al (*32 GPa) (5) and Sn+Te (*55 GPa)

(6); in all cases I refers to the mixture and II refers to the product.
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heterogeneous (liquid ± solid) mechanism. The kink in the P ±V
curve 91 can be due to the reaction

Mo+2Si=MoSi2 ,

which is accompanied by a decrease in the volume by 27.7% (see
Ref. 94). The heat of the reaction (132 kJ mol71) has no effect on
the volume ratio, because the volume of the product increases only
by a few per cent.

Probably, similar processes also occur under shock compres-
sion of Al+SiO2 mixture. A kink in the Hugoniot adiabat of this
mixture with a decrease in the volume was interpreted 95 as a
quartz? stishovite transition. The chemical interaction resulting
in Al2O3 is also accompanied by compaction and release of much
higher energy (619 kJ mol71 for stoichiometric composition),
which makes this reaction preferred. Additionally, the kink in the
shock adiabat of the mixture was detected at 20 GPa, whereas the
phase transition in pure quartz occurs at 38 GPa. Voskoboini-
kov 96 analysed the shock adiabats of the mixture and compound
and showed that in this case the chemical reaction is more
probable than a phase transition.

To decide between the phase transition and shock-induced
chemical transformation accompanied by compaction, it is suffi-
cient to measure the temperature, because the heat of a chemical
reaction is usually an order of magnitude higher than that of
polymorphic transformation. For instance, kinks in the Hugoniot
adiabats of CS2 and C6H6 at P>6 GPa with a decrease in

volume 97 can be treated as phase transitions. However, the results
of optical measurements 98 revealed a stepwise increase in the
temperature of the medium by more than 250 8C at these
pressures, which indicates a chemical reaction (in this case,
decomposition). If the decrease in the volume upon a shock-
induced chemical transformation is small, it can be compensated
by thermal expansion and the shock adiabat will exhibit no
features. For instance, the volumes of organofluorine compounds
are changed insignificantly,99 whereas the changes in the temper-
ature are large, namely, a stepwise increase by 500 8C at
P>22 GPa owing to decomposition.100 Similarly, a shock com-
pression study 101 of teflon at P>34 GPa showed an abrupt
increase in the speed of sound behind the shock-wave front and
almost smooth shock adiabat curve. A chemical reaction in the
Nb+Si mixture substantiated by the recovery experiments was
detected from a jumpwise increase in the speed of sound.102

Yet another method of detection of physicochemical trans-
formations under dynamic loading is the study of shock wave
damping. From general physical considerations it follows that 103

qD
qt
� c

c�UÿD
,

where c is the speed of soundbehind the shock-wave front.Aphase
transformation accompanied by densification is characterised by
an increase in D and a decrease in U; therefore, the damping rate
will increase.

Measurements in shock compressed metal ± oxide mixtures
revealed dramatic changes in the shape of theP= f (t) curves after
particular pressures were reached.104 For instance, a fivefold
increase in the shock wave damping in the Mg+SiO2 mixture
(sample thickness 2 mm) in the pressure range 24.0 ± 28.8 GPa, a
twofold increase for the Mg+TiO2 mixture at 29.6 ± 31.2 GPa, a
threefold increase for theMg+Fe2O3 mixture at 18.8 ± 23.6 GPa
and a fourfold increase for the Al+Fe2O3 mixture at
17.1 ± 22.8 GPa were observed compared to monotonic changes
in the damping rates beyond these pressure ranges. In all cases the
volumes of products were smaller than those of the starting
mixtures. Correspondingly, the deviations of the compressibility
curves for these reactions should be opposite in sign compared to
the deviations of the compressibility curves for the shock-induced
reactions characterised by an increase in volume.

A shock-induced solid-phase reaction

Zn+Te ZnTe

was studied using cold and pre-heated mixtures.105 The shock
velocity in the mixture pre-heated to 242 8C showed a jumpwise
increase by 0.7 km s71. Since an exothermic reaction begins at this
temperature, the shock velocity jump can be explained by energy
transfer from the chemical reaction to the shock wave in the zone
of high dynamic pressure. An increase in the shock velocity
induced by exothermic reaction was also revealed in a study of
the reaction in the Zn+S mixture.106

In 1993, researchers from the USA first reported pressure
measurements in the course of chemical transformations using
piezoelectric transducers; in particular, a reaction with a micro-
second duration was detected in the Ti7Si system. A review of
corresponding studies is available.107

c. Estmation of the reaction duration from mechanical changes in
recovery ampoules
The temperature and kinematic measurements are labour-con-
suming and therefore cannot be used for quick analysis of the
duration of chemical transformations under shock compression.
Taking into account the fact that shock-induced synthesis occurs
mainly in the axial region of cylindrical ampoules (Mach stem
whose size is determined by the energy supplied), the reaction can
be detected from the change in the Mach stem diameter and from
the action of the Mach stem on the bottom of the ampoule (spall
plate) behind the shock wave front.108

Table 7. Changes in molar volumes during shock-induced syntheses
M+S MS.

P V Ec V Ec Q DPQ P*

/GPa (see a) (see b) (see a) (see b) (see b) /GPa /GPa

Mixture Zn+S Compound ZnS

0 24.68 0 23.86 0 95.9 0 0

3 21.98 4.05 22.35 2.25 94.1 2.93 5.93

6 20.62 12.2 21.23 7.9 91.6 3.06 9.06

9 19.71 22.35 20.35 15.8 89.35 3.17 12.17

12 19.03 33.9 19.62 25.45 87.45 3.27 15.27

15 18.50 46.35 19.01 36.4 85.95 3.37 18.37

Mixture Ca+S Compound CaS

0 41.70 0 26.74 0 236.6 0 0

5 33.32 20.95 24.99 4.37 220 13.0 18.0

10 29.31 61.95 23.70 15.2 189.8 12.4 22.4

15 26.77 112.0 22.69 30.4 155.0 11.0 26.0

20 24.95 167.5 21.87 48.7 117.8 9.0 29.0

25 23.56 226.7 21.18 69.5 79.4 6.5 31.5

a In cm3 mol71; b in kJ mol71.
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Figure 10. Shock compressibility curves for various mixtures.

Zn+S (1), ZnS (2), Ca+S (3) and CaS (4).
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Shock compression experiments carried out under the same
conditions revealed a larger diameter and deeper spall for the
Sn+Smixture compared to SnS, the mass of the spall plate being
0.06 and 0.003 g, respectively. Since the velocity of the motion of
the spall element is given by

u=2U,

for this system one gets u=4.3 km s71. From here the kinetic
energy of the spall plate, E is about 60 kJ mol71 for the mixture
and nearly 3.2 kJ mol71 for the compound. The difference,
*57 kJ mol71, is the increase in energy equal to the contribution
of the heat of the chemical reaction to the energy of the Mach
wave. This difference corresponds to an extent of conversion of
30%, which is similar to the reaction yield determined from the
temperature and kinematic measurements.

Similar spalling features in the Sn+Te system were observed
using more energetic explosives (D0=7.3 km s71) and, corre-
spondingly, at a higher pressure of the onset of the chemical
reaction detected in kinematic measurements.

Studies of spalling phenomena in the recovery ampoules
during shock compression of Ti+C and Zn+S mixtures using
explosives with a detonation velocity of 6.2 km s71 in the former
and 7.2 km s71 in the latter case showed the formation of
compounds TiC andZnS in*7 and*90%yields, respectively.109

A regular decrease in the Mach stem diameter with an increase in
the stiffness difference (rc2) between the shell and the content of
the cylindrical ampoule was also established in that study. The
stiffnesses of compounds TiC andZnS are higher than those of the
corresponding mixtures; therefore, a decrease in the difference in
rc2 between the shell and the substance under study causes
extension of the Mach region in the shock compressed material.

Endothermic transformations lead to narrowing of the Mach
stem. A dark Mach stem appeared in the axial region of the
cylindrical ampoule at a distance of about two diameters from the
upper end upon shock compression of CuCl. The downward
motion of the Mach stem was accompanied by its monotonous
extension in a conical fashion. Once a certain intensity was
reached, the substance in the Mach zone melted and the Mach
stem narrowed; further motion toward the bottom of the ampoule
was again accompanied by extension of the Mach stem until the
next melting of the powder.

2. Solid-phase reactions
The formation of high-pressure phases as a result of a chemical
reaction indicates that the reaction proceeds in the high-pressure
zone. To date, a large body of experimental data on the decom-
position and synthesis reactions has been accumulated. In the
former case the interacting atoms are inside molecules or coordi-
nation polyhedra of crystals, i.e., they can be treated as being in
contact with one another, the decomposition occurs instantane-
ously and time is only taken for the separation and nucleation of a
new phase. The latter case requires dispersion and mixing of
particles, cleavage of chemical bonds and diffusion of reactant
atoms followed by the formation of products and nucleation.
Clearly, the decomposition processes are faster than syntheses.

Indeed, disproportionation of Al2SiO5 into Al2O3 and SiO2

under the action of high-energy shock waves results in the
formation of a high-pressure SiO2 phase with stishovite-type
structure.110, 111 Similar phases are formed under shock compres-
sion of ZnBaGeO4 ,112 Mg2SiO4

113 and ZrSiO4 .114 A high-
pressure boron nitride phase (c-BN) was produced by shock-
induced disproportionation of BH3

.NH3 .115 Explosive decom-
position of organic compoundsmixed with explosives, resulting in
the formation of diamond as detonation product was
reported.116, 117 Disproportionation of PbO upon shock compres-
sion by high-energy shock waves in a cylindrical ampoule occurs
behind the front of the incident shock wave. Propagation of the
reflected wave through a mixture is accompanied by separation of
the mixture components and accumulation of lead in the Mach
region.118 Therefore, the chemical reaction occurs in the region

between the incident and reflected waves and has a duration of
1077 ± 1076 s.

At high pressure, water possesses the properties of acid.
Because of this, metals preceding hydrogen in the electrochemical
series should dissolve in this modification of water. Taking into
account this fact, we shock compressed a mixture of zinc powder
and ice in cylindrical recovery ampoules cooled with liquid nitro-
gen before explosion using high-power explosives
(D05 6.2 km s71). Analysis of the recovered product revealed
the formation of zinc oxide and dihydrogen following the reaction

Zn+H2O=ZnO+H2 .

The reaction products cannot result from pyrolysis of water,
because the temperature of the ampoule after explosion was only
slightly higher than room temperature. Similar reactions proceed
with other metals (B, Al, Ga, Ge, Ti, Zr, Nb, Cr,Mo,W,Mn) that
dissolve in acids, i.e., the chemical transformation does occur in
the high-pressure zone.119 A similar experiment 120 using a cylin-
drical ampoule with a large reservoir for expansion and quenching
of reaction products (see Fig. 3 c) resulted in cubic zirconia (high-
pressure phase). The reaction

MgCO3+Fe MgO+FeO+C

was used for the synthesis of hexagonal diamond (lonsdeilite).121

Consider now yet another aspect, which also indicates a
shock-wave character of chemical transformations. Thermody-
namics operates with positive pressures. As mentioned above,
shock compression technique allows production of negative
pressures and formation of loose structures.

A shock compression study 122 of Nd2O3 revealed the forma-
tion of a polymorph called E-phase. According to spectral analysis
data, the E-phase also contained SiO2 (*30%). Experiments
proved that spall microparticles from the inner surface (mainly
from the bottom and to a lesser extent from the walls) of the
recovery ampoule served as the source of SiO2. The density of the
E-phase (1.6 g cm73) is much lower than those of the starting
neodymium oxide (7.42 g cm73) and quartz (2.65 g cm73). A very
small amount of single crystals of this phase was obtained. The
crystals had a monoclinic lattice (a=7.5, b=8.7, c=10.3 �A;
b=1048) and low refractive index (ng=1.57, nm=1.56,
np=1.54), whereas the refractive index of the starting neody-
mium oxide is 2.10. The E-phase of neodymium oxide is insoluble
in acids or alkalis and exhibits a high thermal stability with a
reversible change of colour from white to violet. Attempts to
obtain this phase under shock compression of Nd2O3+Si,
Nd2O3+SiO and Nd2O3+SiO2 mixtures using various explo-
sives failed. Namely, reactions at any reagent ratios resulted in
conventional neodymium silicates of different compositions
charaterised by high densities and refractive indices. Apparently,
the reactivity of the spall elements is strongly different from the
bulk sample reactivity due to an increase in the concentration of
ruptured chemical bonds in such species upon spalling from the
monolithic body.

Similar results were obtained in a shock compression study of
Zr+2S mixture, which revealed the formation of ZrS2 with
`shrinked' unit cell parameters.123 In a detailed study the product
was identified as a solid solution Zr17xFexS2 . Here, the source of
iron was also the recovery ampoule (no solid solution is formed
when using ampoules with quartz embedments) and the product
yield was dependent on the smoothness of the inner surface of the
ampoule. The last-mentioned feature means that iron micro-
particles are spalled from scratches on the inner walls. It is
important that no solid solution is formed under shock compres-
sion of a mixture of ZrS2 with iron powder, or by thermal method
because the product obtained by shock-induced synthesis decom-
poses to ZrS2 and FeS on heating.

When using spall microparticles of elements with equal
electronegativities (heat of reaction is zero) as reactants, the
thermodynamic situation can change. An example is provided by
the reaction
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Ta+SiO2 Ta2O5+Si,

which proceeds under shock compression of SiO2 in tantalum
ampoule,124 being impossible under normal conditions.

The supply of iron spall microparticles from the walls of a
cylindrical ampoule to the material compressed is governed by the
density of thematerial (the higher the density the lower the supply)
and by the physicochemical processes occurring under shock
compression. In particular, an increase in the yield of the dense
phase from 45% to 85%during the phase transformation of BN is
accompanied by fivefold more intense contamination of the
sample with iron from the cylindrical ampoule. Shock compres-
sion of PbO, PbF2 and ZnS accompanied by phase transforma-
tions in the compounds causes a twofold increase in the
contamination of samples with iron compared to the shock
compression of the high-pressure phases that do not undergo
any transformations. The contamination of products of the
shock-induced syntheses

Sn+S SnS,

Mn+Te MnTe,

Ti+TiO2 TiO

with iron is two times (MnTe, TiO) or even two orders of
magnitude (SnS) higher compared to inert compounds of the
same compositions under the same conditions. Correspondingly,
shock-induced decomposition of CdCO3 to CdO is accompanied
by not only a reduction of temperature and densification but also
a decrease in the extent of contamination with iron by an order of
magnitude.

An additional argument substantiating the conclusion that
solids can undergo chemical transformations under shock is
provided by the fact that reactions occurmainly in the axial region
of the cylindrical ampoule (Mach region).91, 94 This seemed
obvious for long, because the pressure and temperature are
maximum in the Mach stem, decrease in the adjacent layer (here,
the reaction is only partially completed) and reach minimum
values at the walls of the ampoule where no reaction occurs at all.
However, it remains unclear why heat released in the shock
compressed mixture (extent of chemical conversion is 40� 10%
according to experimental data) does not initiate the process in
other regions of the sample that contact the hot zone?

The reason for such a behaviour is the high pressure in the
Mach zone, which leads to reduction of the temperature of the
reacting mixture (see a dome-shaped plot of temperature changes
under shock compression of Sn+S mixture in Fig. 8).125 What
processes do occur in the product after unloading if the high
pressure underestimates the heat (it can reach zero upon further
heating; this is called `cold synthesis')? Since the compression ± ex-
pansion cycle is reversible, unloading should be followed by heat
release, but why the heat released does not initiate a chemical
reaction in the unloaded sample in the region near the axis of the
ampoule?

The answer to this question deserves special studies, however
to a first approximation one can assume that in the course of
unloading at negative pressures the substance arrives at an addi-
tional minimum on the potential surface. Probably, this minimum
corresponds to an ordered defect or dislocation lattice, because
the densities of all substances synthesised by explosion technique
were different from the reference values. For instance, heating of
shock-synthesised CrTe is accompanied by densification of the
material and corresponding exothermic effect at 410 8C. How-
ever, we failed not only to complete a transition of the compound
to the normal state but even to reach the density of the initial
mixture after storage of the sample at 700 8C for 2 h.126 Therefore,
shock-induced synthesis results in compounds that possess new
properties. Partial completion of exothermic reactions in recovery
ampoules under shock compression can be treated as yet another
criterion for occurrence (or absence) of the chemical interaction of
solids in the high dynamic pressure zone.

V. Mechanism of ultrafast solid-phase reaction

Experimental facts indicating that solid-phase syntheses can
proceed under shock (see above) require a non-trivial explanation.
Indeed, conventional diffusion in solids is much slower than that
providing themicrosecond durations of chemical reactions. Ultra-
fast atom diffusion in shock compressed materials was explained
by several factors. These are a very high concentration of defects,
plastic deformation,127, 128 heterogeneous heating of components
with different stiffness,129 reduction of activation energy due to
crystal lattice breakdown upon phase transitions 130, 131 ormelting
of one or all reactants.127 Although all these factors favour a
decrease in the activation energy and acceleration of diffusion,
they are insufficient to provide an explanation for the mechanism
of ultrafast mixing of components in the reacting mixture and
separation of reaction products, a threshold-type character of the
reaction pressure and other experimental data.

We have hypothesised that ultrafast forced diffusion of
mixture components is due to the particle velocity difference
between the components under shock compression.85 This was
experimentally proved in a number of studies 132, 133 (see also
Refs 134 and 135). Indeed, if solid reagents 1 and 2 possess the
same mechanical properties, namely, the same shock adiabats
and, hence, the particle velocities (U1=U2), the motion of the
material behind the shock wave front resembles the motion of a
chessboard with the same pattern of black and white squares. If
differently coloured squares move at different velocities, the
velocity difference represents the velocity of forced diffusion
(Ud=U17U2), which causes deformation and interdiffusion of
the squares. It is important that Ud increases as the pressure
increases; this contradicts conventional concepts of retardation of
diffusion upon densification. Based on this model, it is possible to
immediately determine the mixing time; therefore, the reaction
duration can be found as follows

t&
d

Ud

,

where d is the grain size. For instance, at Ud=1 km s71 and
d=0.1 mm one gets t& 1077 s.

Strictly speaking, the rate of forced diffusion in a hetero-
geneous mixture is not equal to DU1, 2 , Here, a fraction of DU1, 2

should be used with allowance for unloading of the stiff compo-
nent into the softer body. For most compounds at moderate
pressures this fraction is about 0.5 and therefore the characteristic
diffusion time (mixing time) should be determined using the
relation 80, 136

t=
2d

DU1; 2

.

Knowing theHugoniot adiabats for Sn, S andTe, one can find
with ease that for the Sn+S mixture (particle size 100 mm) the
time t=0.3 ms corresponds to a pressure of 10 GPa and for the
Sn+Te mixture (the same particle size) the time t=0.8 ms
corresponds to a pressure of 50 GPa. This is consistent with
experimental data with allowance for the scatter in the particle
size and errors in pressure measurements in the reacting mixture.

How does interdiffusion occur? The most probable model for
this process is as follows. Propagation of a shock wave through a
heterogeneous mixture of powders is accompanied by fragmenta-
tion of grains into blocks of size up to 50 ± 100 �A (according to
X-ray diffraction data 4) due to unloading of the stiff material into
milder grains. These blocks (`spalled squares') are mixed at a
forced diffusion rate. In this case the chemical reaction immedi-
ately occurs on the surfaces of the contacting blocks, thus
involving from 20% to 40% of the total number of atoms. It is
this degree of conversion that is detected by various physical
methods (see above). Probably, reactions on the particle surfaces
are also favoured by contact melting of grains during shock
compression.
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The mechanical properties, e.g., U of the reaction product
differ from those of the starting components. Due to the particle
velocity difference between the reactants and product the particle
surfaces are `cleaned' from the reacting layer, which ensures
continuous chemical interaction.

Different stages of solid-phase reactions, namely, grinding
before reaction, interdiffusion and, finally, chemical interaction
were considered in studies on the microstructure of products of
shock compression of powder mixtures M+2Si (M=Al, Ti, V,
Nb, Ta, Cr, Mo, W, Fe).94, 137 ± 140 Since the pressure and temper-
ature in cylindrical ampoules rapidly decrease from the axial
region to periphery, a transition from the mixture of components
to compounds synthesised can be observed using the same sample
by analysing its cross-section. With the known law of pressure
changes across the section of the cylindrical ampoule one can
determine the threshold reaction pressure.94

Yet another feature should be noted. The degree of conversion
is 100% in the axial region of the cylindrical ampoule, decreases as
the shock wave intensity decreases towards the periphery of the
cylinder and is zero (no reaction) on the walls of the ampoule,
although the decrease in pressure should cause the heat of the
reaction to increase. This can be explained as follows: the
characteristic time of unloading of a shock compressed body in
the laboratory experiments with charges 40 ± 60 mm in diameter is
*1076 s; the decrease in the dynamic pressure from 100 to 1 GPa
means that the duration of the action of the high pressure in each
step DP=1 GPa is shortened to *1078 s, which is insufficient
for interdiffusion of large reactant particles. Thus, shock-initiated
solid-phase chemical reactions proceed with different yields at the
same pressure depending on the pressure `prehistory'. In other
words, the results depend on whether the optimum pressure was
produced by detonation of a corresponding explosive (here, the
duration is *1076 s) or was attained during the drop from a
higher level and therefore acts in each step for amuch shorter time.

An important feature of shock-initiated reactions is a
threshold character of the behaviour of their thermodynamic
parameters. Several criteria for the explanation for this phenom-
enon were proposed. KruÈ ger et al. 141 assume that the threshold of
the reaction Ni+Si is determined by the critical energy necessary
for initiation of the reaction. Iyer et al.142 determined the thre-
shold wave velocity for the reaction Ni+Al; Meyers 143 assumes
that the threshold of the onset of the reaction Nb+Si is due to
melting of silicon; and Thadhani et al.107 concluded that the
threshold of the solid-phase interaction is the ultimate strength
of the crystalline particles, i.e., the shock-initiated reaction is a
mechanochemical process. According to our model, the pressure
corresponding to the onset of the reaction is determined by the
time taken by the forced diffusion front (due to the mass velocity
difference between components) to travel a distance equal to the
particle size.

The thermodynamic and kinetic aspects of shock-initiated
solid-phase reactions were considered and the results of numerical
modelling of the mechanisms of these reactions were presented.19

Theoretical treatment of the possibility of solid-phase deto-
nation as a result of exothermic shock-initiated reaction was
reported.144, 145 Constant shock-wave velocities in the reacting
mixtures of zinc and sulfur powders and aluminium and fluoro-
polymer were observed.106, 146 Investigations of this phenomenon
are of fundamental importance.

VI. Conclusion

There are three promising avenues of research on the chemical
transformations under the action of shock waves.

One of them involves improvement of the shock-wave loading
techniques, which permits separate variation of thermodynamic
parameters of the interacting bodies. For instance, if one reactant
is placed in a target and the other reactant is the impactormaterial,
it is possible to increase the chemical potential difference between
the reactants that have similar or equal electronegativities (i.e., a

low or zero heat of formation) and therefore do not react under
normal conditions. An example is provided by B+Sbmixture for
which no shock-induced interaction of the components was
reported so far.

The second avenue of research in the field of shock-induced
synthesis, which has no analogues in traditional chemistry,
involves the use of spall microparticles as reactants. In this
connection the cumulative effect is of considerable interest. It
allows one to generate dense microparticle flows from planar or
conical hollownesses in various metals and to control the thermo-
dynamic parameters of reactants by varying the angle of the
hollowness, the type of the explosive and the distance to the target.

The third promising field of chemical applications of the
shock-wave technique is the synthesis at negative pressures,
which results in the formation of loose structures. Macroscopic
loose structures can be obtained by shock compression of a
mixture of the desired material and explosive in a recovery
ampoule. Compression of the ampoule and compaction of the
powder are followed by internal detonation and formation of
pumice.147 It is possible to control both the pore concentration
and pore topography, which seems to be promising for application
in catalysis with allowance for improvement of catalytic activity
under shock (see references cited in Ref. 47).

Dynamic-static compression of nanocrystalline powders can
also find certain applications. Transition from macroscopic
particles to nanoparticles is accompanied by an increase in the
elastic modulus by tens of per cent.148 ± 151 This is due to the
surface energy of micropowders. In the bulk crystal the propor-
tion of the surface energy is negligible, but in an array of size
100 �A and a bond length of 2 �A the number of surface atoms is
66502 or 12% of the total number of atoms. The potential energy
of the material increase by the same value and, since E*BV, the
elastic modulus will also increase by 12% at the same volume,
which is consistent with experimental data. Will attempts to
compact diamond nanopowders to monolithic state at the same
size be successful, the novel material should be harder than
conventional diamond single crystals or polycrystals.
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