
Abstract. We review the latest results of investigations into
polymorphous transformations, the deformation, and the frac-
ture of solids in different structural states subjected to shock
waves of submicrosecond duration. The problem of attaining
the ideal strength of a condensed material is discussed. An
anomalous rise in dynamic yield stress as the in test temperature
increases was discovered for high-purity metals. The effects of
superheating in the crystal state and premelting under tension,
as well as failure waves in shock-compressed glasses, were also
discovered.

1. Introduction

It was recently the 40th anniversary of the publication inUsp.
Fiz. Nauk of L V Al'tshuler's review [1] on the application of
shock waves in high-pressure physics and of the classical
monograph by Ya B Zel'dovich and Yu P Raizer, Fizika
UdarnykhVoln i Vysokotemperaturnykh Gidrodinamicheskikh
Yavlenii (Physics of Shock Waves and High-Temperature
Hydrodynamic Phenomena) [2]. The early investigations were

stimulated by the practical necessity of obtaining the
equations of state of a wide range of materials in the megabar
pressure range. To date, shock compression techniques have
been used to perform a wealth of measurements of the states
of metals andmost abundant chemical compounds in a broad
domain of the phase diagram at pressures as high as several
dozen million atmospheres, and as high as one hundred
million atmospheres in unique experiments involving nuclear
explosions [3, 4]. Wide-range semiempirical equations of state
have been elaborated [5], which adequately describe the
thermodynamic properties of the majority of practically
important substances, including the domains of polymor-
phous transformations, melting, evaporation, ionization, and
the neighborhood of the critical point. However, shock-wave
experiments are characterized not only by the broad ranges of
the pressure and temperature attainable, but also by their
extremely high variation rates. These circumstances open up
unique possibilities for investigations in the area of phase and
polymorphous transformation physics, the physics of frac-
ture, strength, and plasticity [6 ± 8].

The shock-wave method is a powerful tool for studying
the properties of materials at extremely high deformation
rates with well-controllable loading conditions. The metho-
dology of this scientific area relies on the relationship between
the experimentally recordedmaterial flow parameters and the
physical and chemical processes occurring in the material.
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Physical Sciences Division of the Russian Academy of Sciences on

28 February 2007.



Modern progress in investigations into high-rate defor-
mation, rupture, and physicochemical transformations in
shock waves is largely related to the development of up-to-
date techniques for measuring wave profiles with a high
spatial and temporal resolution [6, 9]. In the first experiments
involving shock waves it was only possible to measure the
wave and particle velocities for stationary shock waves. By
contrast, the subsequent development of methods for the
continuous recording of kinematic parameters has made it
possible to take into consideration the structural details of
compression and rarefaction waves and their evolution,
thereby improving the information value of the dynamic
methods of investigation of material properties. The meth-
ods of wave profile analysis have also been elaborated and
described adequately by now.

At the present time there exists extensive experimental
information on the elastic-plastic and strength properties of
technical metals and alloys, geological materials, ceramics,
glasses, polymers and elastomers, ductile, and brittle mono-
crystals in the microsecond and nanosecond ranges of action
duration; considerable progress has been reached in the
development of methods for gaining information about
kinetic of the energy release in detonation and initiation
shock waves. The experimental data form the basis for
constructing phenomenological rheology models of straining
and fracturing, as well as macrokinetic models of physico-
chemical transformations, which are required to calculate
explosions, high-speed impacts, and the interaction of high-
power radiation pulses with matter.

In this review we present new and, in some cases,
unexpected results of investigations into the polymorphous
transformations and strength properties of metals and alloys
under submicrosecond-long shock-wave loading. Varying the
test temperature significantly broadened the range of the
processes and effects under investigation. Experiments on
metallic engineering materials, as well as high-purity metal
monocrystals, exhibited several special features of high-rate
(> 104 sÿ1) straining and fracture in shock waves, which are
highly instructive from the standpoint of strength and
plasticity physics.

The high pressure and temperature attainable in the shock
compression of solids may give rise to phase transitions and
polymorphous transformations in them. For some crystalline
materials, including iron, polymorphous transformations at
high pressures were first discovered under shock compres-
sion. As regards systematic investigations of the phase
diagrams of solids, admittedly the short exposure time
makes the shock-wave technique less efficient in this respect
than, for instance, the technique for producing high pressures
in diamond anvil cells [10]. On the other hand, this brings up
the interesting and intriguing question: How can the rather
complex reordering of the crystal structure occur in so short a
time? It has been shown that the restructuring in solids may
occur in a time of 10ÿ7 ± 10ÿ9 s or shorter. The answer to this
question will hopefully be provided by investigations into the
polymorphism of materials in different structural states. Also
discussed in this review are the potentialities and results of the
observations of exotic superheated solid states, premelting,
and polymorphous transformations in the domain of tension.

During the last decade, much attention has been given to
the behavior of brittle materials. Presented in our review are
some new data on the behavior of glasses and ceramics under
shock compression, which go beyond the scope of routine
investigations. Specific failure waves under shock compres-

sion of glasses were discovered, and methods for diagnosing
the nature (brittle fracture or ductile yielding) of the response
of very hard materials to compression were elaborated.

2. Investigation methods

The organization of shock-wave measurements is schemati-
cally shown in Fig. 1a. The pulses of shock load (Fig. 1b) are
produced in planar specimens of the materials under
investigation by planar impactors accelerated with the aid of
explosion devices [6, 9], using pneumatic barrel devicesÐ `gas
guns' [7], or under high-intensity laser or corpuscular
irradiation [11, 12]. The thickness-diameter ratios for the
impactor and the target-specimen are selected in such away as
to ensure the strict one-dimensionality of the shock-wave
process throughout the measuring time. The highest shock
compression pressure is varied by varying the impact velocity
(from hundreds of m/s to several km/s), while the impactor
thickness, which was varied from 50 mm to 5 ± 10 mm,
determines the duration of the generated compression pulse.
Therefore, the measurements under discussion were per-
formed at shock-compression pressures ranging up to several
dozen GPa for action durations of 10ÿ6 ± 10ÿ8 s.

The subjects of measurements and analysis are the shock
compression wave and its ensuing rarefaction wave (Fig. 1b),
as well as wave interactions in the compression-pulse
reflection from the free rear side of the specimen being
tested. The structural transformations, plastic flow, and
fracture are accompanied by changes in material compressi-
bility and, as a consequence, manifest themselves in the
structure of the compression and rarefaction waves. These
experiments involve continuous recording of the velocity
profiles ufs�t� of the free specimen surface, for which purpose
use is made of the VISAR 2 [13] or ORVIS 3 [14] laser Doppler
velocimeter with subnanosecond temporal resolution. In the
last decade it has become possible to carry out these
measurements at test temperatures up to 700 �C [15] and, in
some cases, higher. Furthermore, the shock-compression
pressure profiles in the inner sections of the specimen in the
experiments under discussion were recorded by the manganin
gauge technique [6].

Typical examples of measurement data are given in Fig. 2,
which depicts the free-surface velocity profiles forArmco iron
specimens loaded by the impact of an aluminum plate at

2 Velocity Interferometric System for Any Reflection.
3 Optic Recording Velocity Interferometric System.
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Figure 1. (a) Scheme of shock wave generation in planar metallic

specimens and wave profile recording at the exit of the compression pulse

to the free surface of the specimen. (b) Evolution of a shock compression

pulse in a liquid-like material which does not undergo physicochemical

transformations.
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temperatures ranging from 20 to 600 �C [16], and the pressure
profiles measured at the inner sections of the specimens [17].

The sequential exit of three compression waves to the
specimen surface is imprinted on the velocity profiles. Due to
the increase in longitudinal compressibility in going from
elastic strain to the plastic one, the shock wave loses stability
and splits into an elastic precursor and its following plastic
compression wave. At a pressure of � 13 GPa, iron experi-
ences the a! e polymorphous transformation (body-cen-
tered cubic (bcc) lattice! hexagonal close-packed (hcp)
lattice) involving a reduction in the specific volume, with the
result that the plastic compression wave splits into two in this
pressure domain. The pressure behind the front of the first
plastic shock wave corresponds to the onset of the transfor-
mation, while its decay and the compression rate in the second
(plastic) wave are defined by the kinetics of the structural
transformation. Figure 2b shows the total profiles of the
pressure in iron obtained with the aid of manganin gauges
[17]. In these experiments it has been possible to directly
observe for the first time the shock rarefaction wave which
forms due to the inverse structural transformation of iron to
the low-pressure phase.

Upon shock circulation in the impactor a rarefaction
wave forms which then travels through the specimen in the
wake of the shock wave. The exit of the rarefaction wave to
the specimen surface has the result that the latter lowers in
velocity. Due to the reflection of the compression pulse from
the free surface, tensile stress is generated inside the specimen.
The material fracture (spall) under tension is accompanied by
stress relaxation and gives rise to a compression wave, which
reaches the surface in the form of a so-called splitting-off
pulse and increases its velocity once again. Measurements of
the resistance to splitting-off provide information on the
strength properties of materials for submicrosecond dura-
tions of load action.

The longitudinal stress at the front of the elastic precursor,
or the Hugoniot elastic limit,

sxe � 0:5ufser0cl ;

where ufse is the velocity jump of the free surface in the
precursor, r0 is the initial material density, and c1 is the
longitudinal speed of sound in it, the compression stress being
assumed to be positive. The elastic limit under a one-
dimensional deformation and the yield point st in the usual
sense are related as [2, 6]

st � 3

2
sxe

�
1ÿ c 2b

c 2l

�
;

where cb �
���������
K=r

p
is the `bulk' speed of sound and K is the

bulk compression modulus. Additional information on the
material behavior under high-rate straining is given by
analysis of the decay of the elastic precursor during its
propagation and analysis of the structure of the plastic
shock wave.

Analyzing the splitting-off effects in the reflection of a
compression pulse from the free surface of a body makes it
possible to determine the magnitude of the fracture stress for
submicrosecond load durations (material resistance to split-
ting-off) from the measured velocity profile ufs�t� of the free
surface. The splitting-off resistance ssp is determined from the
magnitude of velocity decrease Dufs from its highest value to
the value in front of the splitting-off pulse [6, 7]. In the linear
(acoustic) approximation, the simplified formula for the
determination of the fracture stress at splitting-off is of the
form

ssp � 1

2
r0cb�Dufs � d� ;

where d is the correction for the velocity profile distortion due
to the difference between the front velocity (cl) of the splitting-
off pulse traveling through a material under tension and the
velocity of the plastic part of the incident unloading wave in
front of it (cb) [7, 18]. To take into account the nonlinearity of
the material compressibility, the magnitude of ssp is actually
calculated employing extrapolation of the equation of state to
the negative pressure domain.

Therefore, the experimental techniques of shock wave
physics in condensed media developed to date permit
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Figure 2.Examples of themeasured pressure and velocity wave profiles. (a) Profiles of the velocity of the free surface of planar 2.46-mm thick specimens of

Armco iron (ARMCO is the acronym for the American Rolling Mill Corporation) Ð technically pure iron containing very little carbon or other

impurities Ð after the impact of a 2-mm thick aluminum plate at a velocity of 1:9� 0:05 km sÿ1. The measurements were made using a VISAR laser

Doppler velocimeter at normal and elevated temperatures (indicated by the corresponding curves). The shock compression pressure in the iron was

19 GPa. HEL Ð the Hugoniot elastic limit Ð the dynamic elastic limit. (b) Pressure profiles in shock compression pulses generated in Armco iron

specimens by the impacts of aluminum plates at velocities of 1.05 km sÿ1 and 2.06 km sÿ1 [17]. Measurements made by the manganin gauge technique.
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obtaining diverse information about the structural transfor-
mations and strength properties of materials for a load
duration of 10ÿ8 ± 10ÿ6 s and strain rates of 104 ± 108 sÿ1 in
a broad temperature range.

3. Effect of temperature on the yield stress
of metals under shock compression

The significance of investigations into the inelastic straining
of solids under shock-wave loading is due both to the unique
feasibility of investigations in the area of strength and
plasticity physics at the highest and reliably measured rates
of straining and to diversified practical needs not limited to
only shock actions. Recording the structure of compression
waves yields the requisite information about the dynamic
elastic limits of solids in the microsecond range of load
duration. Figure 3 shows the results of processing the free-
surface velocity profiles of the Armco iron specimens
presented in Fig. 2a. Shown for comparison are quasistatic
test data. It is well known that the resistance to straining of
crystal solids rises with an increase in the strain rate, which is
attributable to the limitedness of the number of `plastic
deformation carriers' Ð dislocations and their velocity. As
is clear from Fig. 3, for Armco iron the submicrosecond yield
stress is approximately one-and-a-half times higher than the
quasistatic one. In both cases, the yield stress lowers with
heating. However, the yield stress obviously lowers more
slowly under high-rate straining.

For many metals, the dependence of the flow stress on the
strain rate is known to become stronger when the strain rate
exceeds� 103 ± 104 sÿ1, which is interpreted as a consequence
of the change in the dislocation motion mechanism [19]. At
low strain rates, dislocations overcome obstacles due to the
combined action of the applied stress and thermal fluctua-
tions. As a result, an increase in temperature is accompanied
by a lowering of the yield stress of a material. High-rate
straining requires applying a higher stress. When the strain
rate exceeds some threshold, (� 104 sÿ1 for pure metals), the
effective stress turns out to be high enough to overcome
obstacles without the additional contribution of thermal

fluctuations. In this case, the phonon viscosity comes to be
the dominant mechanism for the dislocations drag. Since the
phonon viscosity is proportional to the temperature, at very
high strain rates one might expect an increase in flow stress
with a rise in temperature [20], as shown in Fig. 4.

Figure 5 shows the velocity profiles of the free surface of
monocrystalline aluminum specimensmeasured under shock-
wave loading for different temperatures [21, 22]. Directly
from these profiles one can see that the amplitude of the
elastic precursor rises many-fold with increasing temperature,
i.e. the dynamic yield stress increases. The precursor shape
also changes: with increasing temperature a characteristic
peak at its front appears, which is most pronounced for a
small thickness of the specimen. This precursor shape is
ordinarily related to the acceleration of stress relaxation [8].
In experiments on relatively thick specimens (Fig. 5a), the rise
time of parameters in a plastic shock wave (from 0.1 to 0.9 of
its amplitude) lengthens from 4 ± 6 nanoseconds at room
temperature to 12 ± 16 nanoseconds near the melting tem-
perature, which corresponds to the variation of the average
strain rate from � 7� 106 sÿ1 to � 3� 106 sÿ1.

The results of measurements of the dynamic yield stress
for monocrystals are summarized in Fig. 6 and compared
with similar data for an AMg6M aluminum alloy. The wave
profiles were processed accounting for the temperature
dependences of the coefficient of elasticity for monocrystal-
line aluminum. Unlike observations under quasistatic condi-
tions, the data of shock-wave measurements show that the
dynamic yield stress for aluminum increases as the tempera-
ture increases. Near the melting temperature, the dynamic
yield stress is at least four times higher than at room
temperature. Since the shear modulus in this temperature
range decreases by about a factor of two, accordingly the
ratio between the yield stress and the shear modulus rises by
almost an order of magnitude. For comparison we note that
the ratio between the onset of plastic deformation and the
shear modulus in aluminum under quasistatic conditions
remains almost constant in the 300 ± 600 K temperature
range, decreasing by a factor of 1.5 ± 2 upon further increase
in the temperature to 900 K [23].

The plastic deformation of crystalline bodies is effected by
way of dislocation displacement. The equation relating the
dislocation motion velocity v, the effective shear stress t, and
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the frictional forces is of the form [23, 24]

Bv � bt ;

where the force of friction appears on the left-hand side, on
the right-hand side the projection of external load on the slip
vector per unit dislocation length appears, B is the friction
coefficient, and b is the Burgers slip vector. The higher the
friction coefficient, the higher the stress required to afford a
given velocity of dislocation motion and hence a given rate of
straining.

Not analyzing in detail the possible mechanisms of high-
rate straining, we compare the observed temperature effect on
the dynamic yield stress with the contributions of different
factors to the dislocations drag. The dislocation motion is
retarded by different obstacles, as well as by frictional forces
caused by electrons and phonons [23, 24]. The interaction of a
moving dislocation with electrons is not strong and plays an
appreciable part only at low temperatures. In the high-
temperature range, the phonon friction coefficient Bp

increases linearly with temperature [24]:

Bp � kBTo 2
D

p2c 3
;

where kB is the Boltzmann constant, oD is the Debye
frequency, and c the speed of sound. The close-to-linear
temperature dependence of the dislocation retardation
coefficient is borne out by molecular-dynamics simulations
[27 ± 29]. The drag arising from the obstacles is evidently
proportional to the density of these obstacles in the crystal
structure and, accordingly, varies with the crystal. In
particular, the thermodynamically equilibrium density of
point-like defects in the crystal rises exponentially with
temperature [30]:

cd � A exp

�
ÿ HF

kBT

�
;

where HF is the enthalpy of defect formation.
The data in Fig. 6 suggest that the dynamic yield stress for

aluminum varies almost linearly with temperature, which is in
reasonable agreement with the temperature dependence of

the phonon friction coefficient. Therefore, it seems quite
likely that the dislocations drag under high-rate straining in
shock waves is related primarily to thermal atomic vibrations.
On the other hand, molecular-dynamics simulations [31]
show that thermal fluctuations lower the shear stress
required for the nucleation of dislocations. For a perfect
defect-free crystal, this should lead to a lowering of the yield
stress with heating.

Also shown in Fig. 6 are the data of similar measurements
for AMg6M aluminum-magnesium alloy [25]. The AMg6M
alloy was selected for the test for the reason that its yield stress
under normal conditions was close to that observed for
monocrystalline aluminum near the melting temperature.
From the above data one can see that the temperature
dependence of the dynamic yield stress of the alloy shows a
weakly pronounced minimum and the yield stresses for the
alloy and monocrystalline aluminum are the same for the
highest temperature. In our opinion, this confirms that
phonon friction makes the decisive contribution to the high-
rate strain resistance at high temperatures.

In Fig. 7 we compare the temperature dependences of the
dynamic yield stress for titanium and its two alloys, which
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correspond to average rates of straining in elastic-plastic
compression waves of the order of 3� 105 sÿ1 ± 106 sÿ1 [26].
The measurement data show an anomalous rise in dynamic
yield stress under the shock compression of soft high-purity
titanium, while the behavior of high-strength alloys is similar
to that under ordinary conditions at low strain rates. By and
large, this does not contradict the assumption that the main
dislocation retardation mechanism changes at high rates of
straining.

In a pure metal the flow stress is not high and is
comparable to the forces of phonon friction, and their
increase with rising temperature therefore makes a significant
contribution to the retardation of plastic deformation carriers
Ð dislocations. In alloys, numerous obstacles in the form of
impurities and interfaces are purposely produced to increase
the flow stress. The stresses required to overcome obstacles as
big as that far exceed the phonon frictional forces. Comparing
the data of shock-wave Ti-6-22-22S alloy tests and the values
of yield stress at lower strain rates [32] shows that all data
correspond to the unified logarithmic dependence of the yield
stress on the strain rate in the 10ÿ4 sÿ1 ± 105 sÿ1 range. The
persistence of the unified dependences of the alloy flow stress
on the temperature and the strain rate is an indication that the
thermoactivation mechanism of overcoming obstacles by
dislocations is efficient at strain rates up to at least 105 sÿ1.
The difference between the temperature dependences of the
high-rate straining stress explains why alloys under high-rate
straining are more prone to the loss of stability and localiza-
tion of deformation in adiabatic shear bands thanpuremetals.

An anomalous increase in dynamic yield stress on heating
was also observed in experiments in shock-wave compression
of uranium [33] and the crystals of potassium chloride [34].
Observed for uranium and refractory superalloys [35] was a
nonmonotone variation of dynamic yield stress with heating,
with a clearly defined peak in the domain of structural
transformations.

4. Approach to the `ideal' strength of condensed
matter

Modern experimental shock-wave techniques make it possi-
ble to investigate material properties at negative pressures of
ÿ15 ± 20 GPa and over [7, 22, 36 ± 38]. The term `negative

pressure' sounds absurd with respect to gases, where the
pressure has the same physical nature as the temperature
and is defined by the kinetic energy of molecules. In
condensed media, the pressure is a manifestation of the
forces of interatomic interactions and may be nonzero even
at absolute zero temperature. Unlike gases, solids and liquids
have a finite specific volume at zero pressure and resist not
only compression, but tension as well. That is why negative
pressures are possible in solids.

The transition to the negative pressure domain by itself
is not accompanied by qualitative changes in the state and
properties of a material. However, states with a negative
pressure are always metastable with respect to the liquid ±
gas or solid ± gas mixture. Metastable states are thermo-
dynamically immune to small perturbations. The transition
to the stable state proceeds with the formation of seed
bubbles or pores, which implies passing through the energy
barrier [39].

Another significant feature of negative pressures is the
existence of a natural limit for their magnitudes. Material
compression is accompanied by a virtually unlimited increase
in pressure. Tension rather rapidly results in the absolute loss
of mechanical stability of the condensed state at the point
where the derivative of the pressure with respect to the volume
turns to zero. The surface in the pressure, temperature, and
specific-volume coordinates on which the derivative
dp=dV � 0 is termed the spinodal, while the corresponding
values of tensile stress (negative pressures) are termed the
`ideal strength'. The states of a material corresponding to its
spinodal are unattainable: in the vicinity of the spinodal, the
material decays in a shorter time than the time required for
the local thermodynamic equilibrium to set in.

Negative-pressure material states are not as exotic as
might appear at first sight. Parts of bridges, for instance,
stay under tension for a long time. Negative pressures in
liquids are produced by capillary forces in nature, with the
effect that water can rise upwards via the pores and cracks in
rocks or reach the tops of high trees [40]. In present-day
experiments it is possible to produce tension in condensed
media whereby negative pressures are as strong as ÿ20 GPa
and over for solids and ÿ100 MPa and over for liquids. The
problems of the equation of state, phase transitions, and
polymorphous transformations in the negative-pressure
domain become topical. Clearly topical are problems of
continuity violation for condensed media Ð fracture under
tensile stress. In recent years, these problems have been
actively discussed in the literature. It is valid to talk about
the formation of negative-pressure physics with its specific
problems. In this connection we note that the impressive
achievements of high-pressure physics were made even at the
stage when measurements were possible in only a highly
limited range: from 4 to 10 GPa [41].

A negative-pressure metastable state decays by way of
nucleation and growth of seed bubbles or pores, which
emerge due to thermal density fluctuations (homogeneous
nucleation) [39, 42, 43] or to impurities and structure
inhomogeneities in the material. Small-size seed pores and
bubbles are reversible. They may close up and disappear
under the action of surface tension forces. Nuclei whose
radius exceeds the critical radius rc are unstable and grow
with free-energy liberation. The critical radius of the nucleus
decreases rapidly as the material advances into the negative-
pressure domain. As a result, the expression for the nuclea-
tion threshold pc of bubbles or pores of above-critical size
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may be represented in the following form [44]:

pc�T � � ÿ
�

16pg 3

3kT ln �J0VDt�
�1=2

;

where g is the surface tension. Hence, it follows that high
values of negative pressure may be obtained only in a small
volume V and for a short time interval Dt. An exhaustive
discussion of negative-pressure metastable states and exten-
sive literature on the subject can be found in Refs [45, 46].

For measurements in experiments with shock waves of
submicrosecond duration, substantial negative pressures are
attainable, which are generated in solid or liquid specimens
when a shock-compression pulse is reflected from their
surface. In this case, it is possible to vary over a broad range
the duration of load action and temperature, thereby gaining
primary information on the kinetics of this effect. At present
it is possible to perform measurements at the level of tensile
pressures comparable to the ultimate or `ideal' strength of
condensed material, which defines the upper bound for the
possible fracture strength. It is significant that the shock-wave
measurements are not complicated by the use of some a priori
models of the effect and rely only on the basic conservation
laws and the equation of material state.

The most natural line of investigation into high-rate
tension obviously is the elucidation of the dependences of
the fracture strength on the time or rate of tension, the
temperature, and the structure state for materials of different
classes. Figure 8 shows the results of measurements of the
splitting-off resistance of molybdenum in different structure
states as a function of strain rate [36]. Here, by the strain rate
ismeant the rate ofmaterial expansion in the rarefactionwave
defined as

_V

V0
� ÿ _ufs r

2cb
;

where _ufs r is the rate of velocity decrease measured for the free
surface of the specimen under testing during the unloading
part of the shock compression pulse. Although in reality the
rate of tension in the interaction of counterpropagating waves

varies over wide limits, this representation of experimental
data offers the advantage that it may be used directly to
estimate the fracture kinetics. It has been shown [6, 7] that the
initial growth rate of the relative volume of voids in the spall
is, to a constant factor of � �2ÿ4�, equal to the thus
calculated rate of material expansion in the unloading wave.

The realized values of resistance to splitting-off fracture
are the result of competition between the growth of tensile
stress in the course of wave interactions and their relaxation
due to the occurrence and growth of voids in the material.
Since the fracture, which is the kinetic process of nucleation,
growth, and coalescence of the voids, cannot occur instanta-
neously, increasing the rate of load application permits
producing increasingly excessive stress in the material. As a
result, the fracture strength in the microsecond range of load
duration turns out to be approximately two times higher than
the strength under low-rate tension. As the load pulse
duration decreases, the tensile splitting strength rises to
become comparable to the ideal strength in the nanosecond
range. At the same time, the higher the overstrain attained in
the material, the smaller and more numerous the fracture
centers activated to make a contribution to the increase in the
process rate.

Owing to the short duration (which limits the possibility
for information exchange and tension concentration at the
crack tip) and high overstress in the material as the tension
rate increases, there occur changes in the fracture mechanism:
in lieu of fracture by way of growth of single catastrophic
cracks, in the submicrosecond range an evolution of scattered
fractures occurs. The most likely fracture nucleation centers
are structure inhomogeneities in a body. Monocrystals are
free from internal defects which might become the centers of
heterogeneous nucleation of voids and for this reason exhibit
the highest strength. On the other hand, polycrystalline
metals and alloys contain numerous grain boundaries,
impurity phase particles, micropores, and other material
defects, which are potential sources of void nucleation under
tension and therefore lower the overall fracture strength. The
tensile splitting strengths of monocrystals and polycrystals
for aluminum [22], copper [48, 49], andmolybdenum [36] may
differ by as much as a factor of two or three. The
homogeneous nucleation of voids or the nucleation of
fractures at the seats of accumulation of dislocations and
other microdefects in polycrystalline materials are unlikely
simply because the unloading due to the initiation of a
fracture at larger defects does not permit attaining the
requisite level of tensile stress.

Figure 9 shows the results of experiments on copper in the
nanosecond range of a shock-wave load. The specimens were
high-purity copper in monocrystalline and polycrystalline
states, a copper monocrystal with 0.1% silicon, and a Cu
monocrystal with 0.1% Si subjected to thermal treatment at
1030 �C in cuprous oxide for 24 hours. It is well known that
silicon forms with copper a solid solution of replacement, and
keeping it in the Cu2O powder at high temperature results in
the formation of scattered SiO2 particles measuring
� 350 nm in the monocrystalline matrix [51].

The measurement data given in Fig. 9 show a major
variation in the tensile splitting strength (proportional, as
discussed above, to the velocity decrement Dufs) and the
character of the splitting-off fracture according to the
structural state of the specimens undergoing testing. The
monocrystal of pure copper exhibits the highest strength
and is characterized by a rapid completion of the fracture
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process. The surface velocity of the splitting-off plate
oscillates owing to wave reverberation, but its average
rapidly settles at a constant value, whence it follows that the
plate deceleration terminated 5 ± 10 ns after the onset of the
splitting-off. Polycrystalline copper exhibits the lowest
fracture strength, but the fracture develops slowly. In this
case, the connection between the layer which is spall and the
remaining part of the specimen persists for a relatively long
time, as suggested from the observed protracted deceleration
of the split-off plate. The monocrystal of the solid solution
Cu+0.1% Si shows a somewhat lower strength than the
monocrystal of pure copper and a viscous, protracted
character of fracture. The further lowering of tensile splitting
strength and its speeding up are associated with the formation
of fine disperse SiO2 particles.

The plot in Fig. 9b shows that copper crystals with fine
disperse SiO2 impurities behave anomalously: their tensile
splitting strength lowers with an increase in tension rate.
Clearly, the anomalous behavior of the tensile splitting
strength in this case is associated with the initiation of
fracture at brittle impurities. The resistances to splitting-off
fracture of relatively thick (2.5 mm) monocrystals of the solid
solution Cu+0.1% Si and monocrystalline copper with fine
disperse SiO2 impurities are the same, are far greater that the
strength of polycrystals, and are close to the tensile splitting
strength of the monocrystals of pure copper. In these
experiments, fracture occurred at a distance of 3 mm from
the surface of the specimen. With a three-fold rise in strain
rate and the same decrease in the split-off thickness (specimen
thickness� 0:5 mm), the tensile splitting strength of the solid
solution rises to approach even closer to the strength of
monocrystalline copper, while the strength of the copper
crystals with SiO2 particles lowers to approach the strength
of polycrystalline copper. This anomaly is hard to explain in
the framework of some fracture kinetics. Its most like cause
appears to lie with the dependence of the density and size of
impurity particlesÐ the fracture centersÐ on the distance to
the surface. Considering the contribution of diffusion
processes to the formation of oxide impurities in the

annealing of the specimens of solid solution embedded in
Cu2O, it would appear natural that the size of impurities
would decrease and that the strength of material would
accordingly rise as the distance to the surface increases.

Therefore, the experimental data unequivocally show the
effect of structural factors on the resistance to high-rate
straining and fracture. It would be expedient to formalize
the observational data by introducing the concept of the
spectrum of material defects Ð potential fracture sources
characterized by different levels of stress required to activate
them.

It is instructive to compare the measured values of tensile
splitting strength of homogeneous condensed media with the
maximum possible (ultimate) values of tensile strength.
Figure 10 shows the normalized values ssp=sid of the tensile
splitting strength ssp for metallic monocrystals, amorphous
polymers, and liquids as functions of strain rate. The values of
ideal strength sid were estimated as the pressure at the
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minimum of the Hugoniot of the material extrapolated to the
domain of tension [52]:

sid � r0c
2
0

4b
;

where c0 and b are coefficients of the linear expression for
the Hugoniot of the form Us � c0 � bup (Us is the velocity
of the shock front and up is the particle velocity of the
material behind the front [1, 2]). As suggested by a
comparison with ab initio calculations, the uncertainty of
this estimate of the magnitude of sid is about 20% with a
tendency to overestimate sid. The values of tensile splitting
strength ssp were borrowed from Ref. [22] for aluminum
(sid � 13:4 GPa), Refs [48, 49] for copper (sid � 23:3 GPa),
Ref. [36] for molybdenum (sid � 55 GPa), Ref. [53] for iron
(sid � 31:6 GPa), Ref. [54] for organic glass and epoxy resin
(sid � 1:39 GPa and 1.34 GPa, respectively) and Ref. [55] for
water (sid � 0:28 GPa). Although the measured values of
tensile splitting strength for this range of materials differ by
more than two orders of magnitude, the data scatter in the
normalized coordinates is not that wide. The data given in
Fig. 10 show that for nanosecond load durations up to 30%of
the ideal strength of condensed material is realized. The
monocrystals of plastic copper and aluminum with an fcc
lattice exhibit a somewhat higher degree of realization of ideal
strength than iron and molybdenum, which possess a bcc
crystal lattice. This is supposedly related to the possibility of
higher stress concentration in the neighborhood of micro-
defects for bcc metals with a high yield stress. The degree of
realization of the ideal strength at spall for amorphous
polymers and liquids is at least not lower than for metals,
which is supposedly attributable to their higher structural
homogeneity. It should also be taken into account that the
concentration of stress in the neighborhood of microscopic
defects is impossible in media with a low or zero yield stress.
The difference in the degree of realization of the ideal strength
for different materials decreases as the load duration becomes
shorter.

Recent years have seen the publication of the results of
several strength measurements for liquids under static and
dynamic tension. The highest values of water strength (up to
140 MPa) were obtained in cavities measuring from several
micrometers to several dozen micrometers. Such cavities are
formed in quartz during crystal growth. The cavities are
partly filled with a liquid and contain a vapor bubble.
Negative pressures in the liquid are produced by way of
heating up to the disappearance of the vapor bubble,
followed by cooling well below the saturation curve. Among
other data, the highest strength values (39 ± 48 MPa) were
obtained by the splitting-off technique [55]. The reasons why
it is possible to realize so high a strength in microcavities Ð
and at elevated temperatures therewith Ð still remain an
enigma. A certain part is supposedly played by the interaction
of water with the cavity walls in the quartz crystal. The
possible contribution of dissolved salts is also under discus-
sion. In this respect, shock-wave measurements offer the
advantage that the effect of walls may be ruled out, and the
composition of the liquid under investigation can be strictly
controlled, while the temperature, extension rate, and
pressure of the preceding shock compression may be varied
over wide ranges.

At present, new problems are emerging related, in
particular, to the technologies of future power engineering
involving laser thermonuclear fusion, where cavitation

problems under conditions of pulsed energy liberation are
topical. One might expect that this circumstance would
attract the attention of researchers to a detailed study of the
strength properties of liquids, including metal melts.

The mechanism and kinetics of fracture under stresses
close to the ideal strength are investigated theoretically with
recourse to molecular dynamics techniques (see, for instance,
Refs [56 ± 62]). It was found that the spontaneous nucleation
of fracture is preceded in many cases by the formation of
domains with a disordered crystal structure, which subse-
quently become the seats of void formation. In Refs [56, 62]
this effect was interpreted as melting; in this case, the melting
temperature at negative pressures turns out to be lower than
in ordinary conditions. The nucleation of fracture is caused
by density fluctuations and is inherently probabilistic, with
the result that the average latency period for the emergence of
a discontinuity in a given material volume is determined not
only by the effective stress, but also by the volume size. The
frequency of discontinuity emergence rises with a rise in
extension rate and, accordingly, with overtension in the
material. For polycrystalline metals, calculations [57, 58]
have borne out the tendency for preferential fracture
nucleation at grain boundaries, although the difference in
fracture stress for polycrystals and monocrystals is not as
large as that observed in experiments with lower rates of
straining. The laws of growth andmerging of pores have been
studied [61, 62], which is important for the construction of
kinetic fracturemodels [62]. Byway of example, Fig. 11 shows
a result of Ref. [60] in fracture simulation by the molecular
dynamics technique.

Improving the resolving power of shock-wave measure-
ments and advancing to the domain of progressively shorter
loads, on the one hand, and complicating the atomistic
fracture models, on the other hand, bring nearer the
possibility to directly compare experiment and theory.
Progress in computer-assisted numerical experiments pro-
vides a firm basis for moving from simplified notions of the
governing factors and principal fracture mechanisms, like the
accumulation of thermofluctuation bond ruptures [63] or the

Figure 11. Example of the calculation of tensile crystal fracture by the

molecular dynamics technique [60]. Shown is a layer inside a cubic

specimen.
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latent fracture period [64], to a more realistic and prognostic
theory of the effect.

At present, an analysis of the material states in the
reflection of a shock-compression pulse from the surface is
performed by extrapolating to the tension domain the data on
the equations of state obtained under strong compression. A
more reliable way to objectively estimate the equation of
material state under high, up to spinodal, negative pressures is
ab initio calculations (see, for instance, Refs [65, 66]). For
instance, in the framework of the density functional theory
with generalized gradient corrections Sin'ko and Smirnov [65]
calculated the zero isotherm of aluminum, which does not
exhibit any singularities and shows a minimum for a pressure
of ÿ11:2 GPa. Extrapolating the Hugoniot of aluminum
yields a close value of the pressure at the minimum equal to
ÿ13:4 GPa.

Bezruchko et al. came up with a new method for
measuring the speed of sound in condensed media in their
shock compression, unloading, and subsequent tension,
which is based on the analysis of wave reverberation in a
planar specimen, one of whose surfaces is in contact with a
high-impedancematerial. This method was used to determine
the dependences of the speed of sound inmonocrystalline zinc
on the compressive/tensile stress in the range betweenÿ2 and
13GPa. The lower bound of this range corresponds to� 25%
of the maximum possible tensile stress in zinc crystal of this
orientation.

A shock wave with a rectangular pressure profile was
introduced into a thin zinc specimen in the h001i axial
direction via an intermediate molybdenum screen. The
shock wave reaches the free target surface and is reflected
from it in the form of a simple centered rarefaction wave. The
shock-compressed material is unloaded in this wave. Owing
to the difference in dynamic impedance, at the impactor ±
target contact surface reflection occurs once again. Since the
impactor has a higher impedance, the wave is reflected from
the contact surface with retention of its sign [6], i.e. the
reflected wave is a rarefaction wave. Because tensile stress is
impossible at the impactor ± target contact surface, the
influence of the impactor on the wave process in the target
terminates once the pressure in the impactor drops to zero.

After that the remaining part of the rarefaction wave is
reflected in the form of a compression wave from the free
surface produced. The wave interaction process proves to be
easily analyzable and interpretable [67], with the effect that
it has been possible to obtain values for the speed of sound.
The experiments conducted have shown that, to within the
experimental error estimated at �1%, the speeds of sound
in the tension domain correspond to the extrapolation of its
stress dependence in the compression domain.

5. Investigation of polymorphous
transformations under shock compression

The question of the mechanism and kinetics of fast transfor-
mations is supposedly the most interesting basic problem of
the polymorphism of solids under shock compression. In this
connection, investigations are being made of material
behavior in different initial structural states and in a broad
temperature range.

We consider in greater detail the results of experiments on
iron presented in Fig. 2a. The decrease of divergence between
the waves at elevated temperatures stems from the lowering of
transformation pressure (and hence of the velocity of the first
plastic shock wave) and the corresponding increase in the
pressure increment in the second plastic wave (and hence in its
velocity). Figure 12a shows the values of pressure and the
compression ratio of iron after the first and second plastic
shock waves for different temperatures, which were calcu-
lated from the measured free-surface velocity profiles. One
can see that the total decrement of volume under shock
compression to a finite pressure remains practically invari-
able with an increase in temperature. In Fig. 12b we
summarize and compare with literature data the results of
pressure measurements for the a! e transformation under
different test temperatures. Ourmeasurements show a greater
lowering of the transformation pressure with increasing
temperature than is suggested by the data from Johnson et
al. [68]. Since, in the temperature range investigated in our
work, there persists a virtually linear temperature dependence
of the transformation pressure, the a! e transformation
supposedly takes place throughout the range studied and the
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transition to the fcc structure occurs at temperatures above
590 �C.

Judging by the steepness of compression waves in Fig. 2a,
the a! e transformation time in iron shortens with an
increase in temperature. This shortening is partly due to the
fact that the amplitude of the second plastic compression
wave increases as the pressure of the onset of transformation
becomes lower. More systematic investigations into the effect
of temperature on the rate of polymorphous transformation
under shock compression conducted for potassium chloride
crystals [69] revealed, contrary to expectations, some trans-
formation moderation with increasing temperature. Also
observed along with the transformation moderation was a
similar moderation of shear stress relaxation in the elastic
precursor. That is why Golkov et al. [69] draw the conclusion
that the dislocation mechanism underlies the structure
transformation of shock-compressed KCl crystals.

Jensen et al. [70] compared the behavior of polycrystalline
iron and its differently oriented monocrystals. A small
difference in transformation parameters, which was observed
under the shock compression of thin (0.7 mm) specimens,
vanishes in moving to a slower quasiisentropic compression.
Unlike iron, which possesses a weak-anisotropy lattice, the
graphite-to-diamond transformation parameters are highly
sensitive to the material structure. Owing to the practical
significance, much effort has been directed toward measuring
the parameters of this transition (see Refs [71 ± 73] and
references therein). Nevertheless, an exhaustive understand-
ing of its mechanism has not been gained so far.

Figure 13 shows the results of experiments on graphite
specimens of various structure: pressed natural graphite of
type OSCh-T1, UPV-1 pyrolitic graphite, and synthetic
graphite of monochromator quality. The dominant phase in
natural graphite is the hexagonal structure with an inter-
laminar distance d002 � 0:3354 nm, which corresponds to
complete three-dimensional ordering of the graphite lattice
(the three-dimensional ordering coefficient p3 � 1). The
pyrolitic graphite is characterized by a high ordering of the
basal planes (the misorientation angle is about 1�) and a low

ordering in other directions. The long interlaminar distance
d002 � 0:3420� 0:0002 nm is indicative of the low degree
p3 � 0:12 of three-dimensional ordering. The three-dimen-
sional ordering coefficient of the monochromator-quality
graphite is p3 � 0:68 (the interlaminar distance d002 �
0:3363� 0:0001 nm). In all cases, the basal planes of the
graphite lattice were sufficiently well oriented parallel to the
specimen's surface, i.e. perpendicular to the direction of
shock compression.

The measurement data unambiguously demonstrate a
clear correlation between the transformation pressure and
the three-dimensional ordering of the crystal structure of
graphite. In this case, the extreme steepness of the second
compression wave in the highly ordered graphite indicates
that its rate of transformation to the diamond-like phase is
highest, at least at the final stage of the process. For the
pyrolitic graphite, no clear indications of transformation
were observed up to a pressure of 30 GPa, even though it is
known [72, 73] that a rather fast transition to the dense phase
nevertheless does take place at higher pressures. It is likely
that the explanation for so strong an influence of structural
factors on the graphite-to-diamond transformation kinetics
should be sought from the standpoint of the ratio between the
nucleation rate and the growth rate of the high-pressure
phase. While the nucleation rate is primarily determined by
how far the shock-compressed state of graphite goes into its
instability domain, the growth rate is supposedly determined
to a far greater extent by the structural order of the material
surrounding the nucleus. Additional information on the
kinetic transformation laws is provided by measurements of
the evolution of compression waves [74] and computer
simulations of shock-wave phenomena.

Figure 14 shows the results of experiments [75, 76] on
high-purity titanium at different temperatures and shock
compression pressures. It is well known that titanium under-
goes the a! o structure transformation under compression.
Since the a! o transition in titanium is accompanied by only
an insignificant volume decrease Ð about 1.2% Ð the
velocities of wave propagation through the low-pressure
phase and the mixed phase domain are also slightly different.

The structure of plastic compression waves in Fig. 14
shows a feature supposedly related to the loss of stability in
the shock wave as a result of the transformation. At the same
time, the behavior of titanium differs from the behavior of
other materials undergoing a polymorphic transformation
under shock compression. The measurement data testify to at
least a one-and-a-half-fold difference in pressures corre-
sponding to the estimated onset of transformation, depend-
ing on the peak pressure of shock compression. Furthermore,
the difference in the temperature effect at different pressures
of shock compression is evident: for a low impact velocity, the
transformation pressure rises with increasing temperature,
which is consistent with the phase diagram of titanium [77],
while the contrary dependence is observed in experiments
with a high-velocity impact. On the other hand, the rise time
of the second wave shortens with temperature for a higher
impact velocity, and in this case the transformation rate
therefore rises with temperature. As a result, at elevated
temperatures the approach of the equilibrium transforma-
tion pressure should occur faster and give rise to the apparent
change of sign of the temperature dependence. Unfortu-
nately, while this explanation is consistent with the data on
the attenuation of the first plastic wave in preheated speci-
mens, at room temperature this attenuation is too slow to
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explain, in particular, the rise in the apparent pressure for the
onset of transformation with an increase in the highest
compression pressure.

The search for structure transformations under tension,
similar to those occurring under compression, is showing
great promise. Apart from the natural hope of obtaining
materials with unusual properties, this search is fostered by
problems with materials strength. Some calculations predict
structural transformations in the negative-pressure domain,
in particular, the graphitization of diamond under tension
[78] and the transition to the clathrate phase in silicon [79].
Recent ab initio calculations of the zero isotherm of iron [80]
revealed its anomalous behavior in the negative-pressure
domain. The results of calculations shown in Fig. 15a show
a volume jump related to the restructuring of the crystal
energy spectrum at a pressure ofÿ3:4 GPa and aminimum at
ÿ13:4 GPa. Extrapolating the Hugoniot of a-iron [13] yields
a minimum for ÿ31:6 GPa, which is 2.3 times the prediction
of the ab initio calculations.

The occurrence of a region with anomalous compressi-
bility of about ÿ3:4 GPa should lead to the formation of
shock jumps during rarefaction wave propagation through
iron, which furnishes an opportunity to experimentally verify
the existence of this anomaly. To this end, a series of
experiments was carried out. Figure 15b shows examples of
the measured velocity profiles for the free surface of
monocrystalline iron specimens for a ten-fold difference in
duration of shock loading, which on the whole are similar to
those obtained for other metals and bear no evidence of the
formation of shock rarefaction waves. Upon increasing the
rate of tension from � 105 sÿ1 to � 5� 106 sÿ1, the fracture
strength of iron rises from 2.9 GPa to 7.6 GPa and the split-
off thickness decreases from � 400 mm to 40 mm. A compar-
ison with the data for the monocrystals of molybdenum and
aluminum in Fig. 10 reveals the similarity of the dependences
of the tensile splitting strength on the rate of tension and
reveals no special features in the domain of the presupposed
iron compressibility anomaly.
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As shown in Fig. 15a, the reached-value range for tensile
stress is far broader than the anomaly domain in the calculated
zero isotherm of iron. Since electron topological transitions
[80] should be practically inertialess, it seems unlikely that
their related compressibility anomaly did not manifest itself
due to the short duration of the negative-pressure action. It is
not unlikely that the anomaly of iron compressibility takes
place only at lower temperatures and vanishes under heating.
In this case, the crystal structure instability may be among the
factors underlying the cold brittleness of iron.

6. Near-melting splitting-off resistance of
monocrystals and polycrystals

Figure 16 shows a part of the phase diagram of aluminum
calculated from the equation of state [81] for the experimental
conditions of Refs [21, 22] indicated in Fig. 5. The location of
the boundaries of the domain where the solid and liquid
phases coexist at negative pressures is defined, as for the
compression domain, by the equality of the chemical
potentials of the phases. In this sense, the boundary of the
melt domain, including the part which is in the negative-
pressure domain, is an equilibrium one. Since all negative-
pressure states are metastable, melting in tensile conditions, if

it may occur, is the transformation of the metastable solid
phase to a metastable liquid.

The onset of melting should be accompanied by an
increase in compressibility and a lowering of the flow stress,
which should give rise to anomalies in the profile of the
rarefaction wave on entering the two-phase domain. How-
ever, the wave profiles near the melting temperature are
completely similar to those measured for lower tempera-
tures. Traversing the calculated boundary of the melting
domain under tensile conditions is not accompanied by a
sharp decrease in tensile strength for the monocrystals.

The results of measurements of the tensile splitting
strength for metals in the polycrystalline and monocrystal-
line states at temperatures up to the melting point are
summarized in Fig. 17. Also shown in Fig. 17 are the
thermodynamic estimates for the fracture strengths related
to the onset of melting under tension. From the foregoing
data one can see that the polycrystals of aluminum and
magnesium lose strength as the melting point is approached,
while the monocrystals retain their high tensile strength even
upon traversing the phase boundary of melting in the
negative-pressure domain.

It is conceivable that the measured values of dynamic
strength of the monocrystals at high temperatures character-
ize the properties of partiallymolten aluminum.However, this
assumption does not account for the difference between the
behavior of the monocrystals and polycrystalline aluminum.
When the nuclei ofmelt appear in the crystal, the crystal ceases
to be homogeneous and its strength properties should become
the same as for the polycrystalline material. Even for the
highest temperatures the monocrystals of aluminum never-
theless exhibit a higher strength than polycrystalline alumi-
num at room temperature and the same rate of straining.
What is more likely is the material did not melt in the
experiments conducted, and the measured strength corre-
sponded to the strength of a solid in all cases.

If the expected melting did not occur during high-rate
tension at high temperatures, superheated solid states were
therefore realized in experiments on monocrystals. The
overheat amounted to 60 ± 65 �C for the shortest durations
of the shock load.

It is believed that the critical role in melting is played by
the crystal surface, where the activation energy is close to
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zero. The melting of a uniformly heated solid always begins
from its surface. Superheated solid states may be produced
only inside the solid, provided the temperature of its surface is
below the melting point. This condition was realized in the
experiments conducted. Once the melting sites have
nucleated, they should grow fast to give rise to the plastic
deformation of the surrounding crystal material and provoke
its fracture.

On the other hand, in polycrystalline materials the effects
of `premelting' may occur at the grain boundaries, where the
impurity density is highest [84]. Molecular-dynamics simula-
tions [85] show that melting in the interior of polycrystals
commences at the intergrain boundaries at temperatures well
below the melting temperature. In terms of thermodynamics,
this signifies the excess internal energy of the surface grain
layers, where the crystal structure is distorted due to the
symmetry violation of the operating forces. It is hoped that
measurements of the dynamic strength of materials near the
melting point will furnish an opportunity to quantitatively
estimate the distortion energy for the surface grain layers.

Actively discussed in recent literature are the problems of
the maximum possible overheat of a crystal state and of what
the melting curve in the negative-pressure domain terminates
in. Several estimates are known for the maximum possible
overheat of a crystal. Fecht and Johnson [86] introduced the
notion of an entropy catastrophe, which defines the thermo-
dynamic crystal stability limit as the temperatureT s

m whereby
the melting of a superheated crystal ceases to be accompanied
by a growth in entropy. More recently, Tallon [87] modified
this criterion by introducing a new pointT g

m of stability loss at
which the entropy of the superheated crystal comes to be
equal to the entropy of the vitreous phase (diffusionless
liquid). This temperature is somewhat lower than T s

m. He
also showed that the temperature T r

m of the onset of shear
crystal instability is lower than the `isochoric catastrophe'
temperatureT v

m , whereby the specific crystal volume becomes
equal to the liquid volume, and lower than the entropy
catastrophe temperature T s

m. For the majority of solids
these overheat limits lie in the 1:3Tmÿ2:0Tm range, where
Tm is the thermodynamic melting temperature. Proceeding
from an analysis of the kinetics of homogeneous melt
nucleation in a superheated crystal, Lu and Li [88] expressed
the stability criterion in terms of the critical temperature
T k
m � 1:2Tm, whereby a mass melt nucleation in a super-

heated crystal occurs. Luo, Ahrens, et al. [89] systematized the
data on the kinetic limit of possible crystal overheat and
found that its value varies in the �1:08ÿ1:43�Tm range for
different elements and simple compounds, for a rather weak
dependence on the heating rate.

Reliable experimental data on the effects of crystals
superheating and premelting in polycrystalline materials
are scarce. Repeatedly cited are the experiments of Ref.
[90] on spherical silver monocrystals 0.1 ± 0.2 mm in
diameter covered with a gold layer. Since the melting
temperature of gold is higher than for silver, it was
assumed that the gold coating should suppress the nuclea-
tion of melt on the surface of the silver crystal. In the
experiments, the overheat of silver amounted to 25 K. The
lifetime of the overheated state, of the order of one minute,
is limited by interdiffusion. The attainment of a two-fold
overheat of aluminum exposed to a laser pulse of picose-
cond duration was reported [91], but this was not borne out
by more recent measurements [92] and analysis [93, 94]. In
our experiments on aluminum discussed in the foregoing,

the overheat at negative pressures amounted to 65 ± 70 K,
which is 7 ± 8 % of the melting temperature.

Modern achievements of dynamic experiment techniques
intended to attain deep-negative pressures make substantial
the discussion of the question of how the curve of metastable
melting of a real material terminates in the limit T! 0. It is
hypothesized, for instance, that the melting curve may reach
the zero isotherm of the material with a decrease in melting
temperature in the negative-pressure domain [95]. On the
other hand, the results of amore sophisticated analysis reliant
on a single-component plasma model [96] and molecular-
dynamic simulations [97] suggest that the line of equilibrium
melting breaks in the low-temperature limit due to the
attainment of the liquid stability boundary.

7. Shock compression of brittle materials.
Failure waves

While the mechanisms and governing factors of the fracture
of brittle materials under tension have been adequately
studied, the processes of quasistatic and especially dynamic
inelastic compression are largely unclear. The results of
investigations summarized in recent reviews [98, 99] indicate
that there are still considerable gaps in the understanding of
the mechanisms and governing factors of a fracture under
compression. For this reason, as well as in connection with
several practical applications, the behavior of highly consis-
tent brittle materials (rocks, ceramics, glasses) under shock-
wave loading have been given much consideration during the
last decade.

It is pertinent to note that no absolutely brittle materials
exist. In particular, all brittle materials, even including
diamond, exhibit appreciable plasticity under high pressure.
However, unlike ductile metals, a high energy of dislocation
generation and a small number of planes where dislocation
glide is possible are characteristic for highly consistent oxides
and intermetallides with covalent interatomic bonds and a
low crystal symmetry. That is why the plastic deformation is
greatly impeded, making possible a high stress density at
microcracks and other inhomogeneities. Blocking the slip
inside a body at a grain boundary or at another effective glide
system may give rise to a crack.

By definition, fracturing implies material continuity
violation. Cracks, like other discontinuities, may be gener-
ated in a voidless medium only under the action of tensile
stress. It is known, however, that local stress in the vicinity of
an inhomogeneity may become tensile even for an overall
compression. According to Griffith's criterion [100], a
fracture under compression is initiated when the highest
local tensile stress reaches the threshold value. For a biaxial
stressed state, Griffith's criterion is of the form

�s1 ÿ s2�2 � 8K �s1 � s2� � 0 ;

where s1 and s2 are the principal stresses andK is thematerial
constant, which is assumed to be equal to the standard tensile
strength.

Model experiments on glass and polymer plates [101, 102]
have shown that a local shear along the surface of an inclined
crack is responsible for the formation of a three-crack
configuration termed the wing crack. Generated at the edges
of the local-shear domain are bond-failure cracks, which
grow along a curved surface out of the shear plane and
deviate in the direction of compression. As the growth

784 G I Kanel', V E Fortov, S V Razorenov Physics ±Uspekhi 50 (8)



direction approaches the direction of compression, the
process moderates to crack arrest, but the crack may resume
its growth with an increase in the compressive stress.
Imposition of an addition transverse compression suppresses
the formation of cracks.

Investigations into the behavior of brittle materials under
shock-wave loading include measurements of shock compres-
sibility, the recording and analysis of the wave profiles of
compressive stress or the material velocity, measurements of
the stressed state in the shock-compressed material, and the
tensile splitting strength on loading by pulses of shock load of
varying intensity. The results of investigations into the shock
compression of hard ceramics, minerals, and glasses are
partly summarized in review papers [103, 104] and mono-
graph Ref. [8]. The question of the nature of inelastic
deformation in a shock wave turned out to be most
debatable, specifically the question of whether brittle crack-
ing or plastic flow occurs during the compression of a brittle
material in a plane shock wave. Both the longitudinal and
transverse stress components increase under a uniaxial shock
compression. In the elastic domain, the longitudinal sx and
transverse sy stresses change in a coherent way:

sx � sy
1ÿ n
n

;

where n is the Poisson coefficient. The damage threshold rises
rapidly with an increase in the transverse compressive stress
and for some value sy the so-called brittle-ductile transition
occurs: the shear stress becomes high enough to activate the
mechanisms of plastic deformation, while the crack opening is
suppressed by transverse stresses. The inelastic deformation
resistances under fracture, on the one hand, and the plastic
flow on the other, are different in physical nature and are
described in different ways. That is why for the calibration of
rheological models it is extremely important to know the
nature of the inelastic deformation observed.

Figure 18 shows examples of the wave profiles recorded in
the shock compression of two highly consistent materials of
aluminum oxide Ð ceramics and a monocrystal. The results
of experiments on ceramics, generally speaking, show no
features that might be identified as indications of fracture.
Aluminum oxide ceramics possess a high elastic limit (5 ±
10 GPa) and a low tensile splitting strength (less than 1 GPa).
The data on whether the resistance to a splitting-off ceramic

fracture persists when the dynamic elastic limit is exceeded in
a compression wave are contradictory. The disappearance of
tensile strength might be considered as evidence for the
fracture during the preceding shock compression; however,
even in this case it remains unclear whether the fracture takes
place directly during the compression or during the subse-
quent unloading.

Monocrystalline aluminum oxide exhibits an extremely
high tensile splitting strength (up to 20 GPa [105, 106]) below
the elastic limit. Smooth, featureless wave profiles are
recorded in this stress domain. When the peak stress in the
compression pulse exceeds the elastic limit, the tensile
splitting strength drops virtually to zero; in this case, in the
wave profiles irregular oscillations emerge, which clearly is a
consequence of the substantial heterogeneity of the inelastic
straining. An analysis of the ceramic aluminum oxide and
sapphire specimens that had survived the shock-wave action
[107] revealed that in shock waves there occurs, along with
cracking, a substantial plastic deformation, as testified to by
numerous dislocations, shear bands, and twins inside the
fragments.

Recording failure waves could be a possible way of
identifying fractures under shock compression [108]. In the
1960s it was hypothesized that the material fragmentation
could proceed in a relatively thin layer traveling through the
intact medium at the speed of sound. As this fracture front
propagates, it uninterruptedly generates a multitude of new
cracks in the intact material. Such a self-sustaining fracturing
wave, in which the potential elastic energy of a strained brittle
body moves to the surface and kinetic energies of its
fragments, is similar to a detonation wave, whose stable
propagation is due to the release of chemical energy of the
material. The corresponding bibliography and a critical
analysis of different ways of describing conjectural failure
waves can be found in Refs [109, 110]. It is pertinent to note
that attempts to construct a consistent closed model of the
phenomenon and correctly estimate the velocity of propaga-
tion and other parameters of the failure waves did not meet
with success in the first theoretical works. On the basis of
qualitative considerations the failure wave velocity was
assumed to be equal to the speed of sound in the material or
even to exceed this value.

In the late 1980s, the authors of this review discovered the
formation of failure waves in glass under one-dimensional
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compression by a plane shock wave [111 ± 113]. For several
reasons these works attracted attention and were further
continued. Glass is the traditional model material in studies
of the deformation and fracturing of brittle media. A failure
wave exemplifies a self-sustaining fracture under compres-
sion, which is significant for the understanding of the
mechanisms of earthquakes, mountain bumps, and other
catastrophic phenomena. The adequately developed tech-
nique of recording the processes that accompany the shock-
wave compression of solids enables, in principle, gaining
exhaustive information about the kinematic laws of the
phenomenon.

Figure 19 shows the velocity profiles of the free surface of
K8 glass specimens measured [114] under shock compression
above and below the dynamic elastic limit. In both cases, the
measured wave profiles repeat the shape of the compression
pulse in the specimen. The incomplete unloading in the
experiment with the higher shock intensity is caused by the
fact that the rear surface of the impactor abuts a thick
paraffin layer in this experiment. The step-wise velocity
decrease in the rarefaction wave for the lower impact velocity
is attributable to the difference between the dynamic
impedances of the glass and the steel impactor.

From the fact that the split-off effects do not show up in
the profiles of the free surface it follows that the dynamic
tensile strength of the glass exceeds 6.8 GPa for a shock
compression below the elastic limit and remains extremely
high when this limit is exceeded. For comparison, the
quasistatic tensile strength of the glass is about 0.1 GPa. The
reason for so huge a discrepancy lies in the fact that the
fracture of glass under ordinary conditions is initiated at its
surface, where seed microcracks are always present. At the
same time, the split-off fracture in shock-wave experiments
may be initiated only in the interior of a material without any
participation of surface defects.

Monocrystals and glasses in the initial state are highly
homogeneous in their interior. In both cases, the fracture
nucleation centersmaybe generatedonly during compression.
In this sense, these two homogeneous materials differ in that
highly consistent anisotropic crystals have a limited number of
planes and directions where ordinary plasticity mechanisms
can operate, while the plasticity of amorphous glasses is
completely isotropic. The impossibility of plastic shifts in
arbitrary directions leads to the concentration of stress at the
points of intersection of the slip bands or twins, which in turn
may lead to cracking during compression or unloading from
the shock-compressed state. Isotropic glasses are free from
this limitation. Retention of the high tensile splitting strength
of glass on exceeding the dynamic elastic limit signifies that the
material plasticity persists in the course of unloading from the
shock-compressed state and the subsequent tension.

A comparison with the results of numerical simulations
given in Fig. 19 shows that the reverberation time of the
compression/tension pulse in the glass plate is shorter than
the time expected for the longitudinal elastic wave. This is
attributable to the fact that a � 1:5-mm thick fractured layer
of material was formed at the collision surface. This cracking
does not occur under shock compression above the elastic
limit: in this case, the re-reflected compression pulse reaches
the surface even somewhat later than the expected elastic
wave. Experiments with glass specimens of different thick-
nesses loaded by long-duration shock compression pulses
[111 ± 113] showed that the fractured layer expands with time.
This process may be represented as failure wave propagation.

During the fifteen years that have elapsed since the
discovery of the effect, the fact of the generation of failure
waves in shock-compressed glasses has been repeatedly borne
out and a wealth of empirical data on the kinematic laws of
their propagation and limits of initiation have been collected.
The failure wave is an array of cracks generated by the applied
stress on the glass surface, where multiple nucleation
microcracks are always present, and traveling into the
material interior. The velocity of failure wave propagation is
lower than the longitudinal and shear sound velocities, is
close to the limiting crack velocity (� 1:5 km sÿ1 for glass),
and is stress-dependent. The failure waves are generatedwhen
the compression stress exceeds some limit, which may be
identified as the damage threshold, but is below the elastic
limit for glass. Upon lowering the working stress failure wave
arrest occurs. A coherent rise in stress and material density in
accordance with the mass and momentum conservation laws
takes place in the failure wave, and relaxation of shear stresses
occurs. The failure wave velocity somewhat increases with
compression stress. After the passage of the failure wave, the
material loses tensile strength completely or almost comple-
tely. Plastic deformations suppress the cracking of the
material.

Although it has been shown that the failure wave is indeed
a wave, as is implied by continuum mechanics, its kinematics
differ from the kinematics of elastic-plastic waves. A shock
wave in an elastic-plastic body loses stability due to a sharp
rise in compressibility on reaching the yield stress. As a result,
the shock wave splits into elastic and plastic compression
waves. In this case, the stress behind the front of the elastic
wave is determined by the material yield stress. Suchlike wave
structures should form in a polycrystalline brittle material,
where fracture is initiated in every grain as soon as the stress
reaches the damage threshold. In both cases, the velocity of
propagation of the second wave is defined by the volume
compressibility of the material. The velocity of failure wave
propagation is defined by the crack velocity, which is not
related to the volume compressibility. On the other hand, the
final compression stress behind the failure wave is determined
by the conditions at the collision surface (or the contact
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surface between the screen and the glass plate). As a result, the
stress in front of the failure wave (i.e., the stress in the leading
elastic wave) is defined by these conditions and is not
necessarily equal to the damage threshold, because the
velocity of propagation of the failure wave and the final
material state behind it are fixed.

The glass surface is the source of cracks and plays an
important role in the wave fracture process. In this sense, the
process is similar to diffusion. However, the diffusion velocity
does not remain invariable, in contrast to the observed
velocity of the failure waves. For this reason, the self-
sustaining propagation of subsonic failure waves is rather
like combustion. Apparently, the role of surfaces and the
specific kinematics of the failure waves show up most clearly
in the propagation of compression waves through a stack of
glass plates. In transit across every surface, the compression
wave splits into the leading elastic wave and its following low-
velocity failure wave. As a result, the stress at the front of the
leading elastic wave lowers in a stepwise manner at each
surface of the stack. This should take place until the stress in
the elastic wave lowers to the damage threshold.

The results of measurements [115] of the wave profiles
generated by an impact on a thick glass plate and on a stack of
glass plates are compared in Fig. 20. The superposition of
failure waves in the stack of glass plates forms a two-wave
compression configuration: the elastic wave transforms to the
elastic-plastic one. In this case, the compression time in the
second wave approximately corresponds to the time it takes
counter-propagating cracks to travel through a plate in the
stack. The stress behind the leading elastic wave in the stack is
4GPa. This stress is supposedly close to the damage threshold
of glass under these conditions. The final values of the free-
surface velocity are practically the same for the thick glass
plate and the stack of thin plates. Therefore, the experiments
involving the shock compression of a plate stack are a simple
and obvious way of revealing failure waves.

The generation of failure waves under the shock compres-
sion of compound glass specimens was directly recorded by
high-speed photography in the transmitted light [116]. The
resultant streak pictures show the initiation of fracture at the
inner surface of the compound specimen and the propagation

of two fracture fronts, both in the direction of compression
and in the opposite direction.

It remains unclear whether failure waves may be gener-
ated in brittle materials other than glasses. Reported in some
papers [117] was the discovery of delayed relaxation of
deviator stress in shock-compressed ceramics at small
distances (2 ± 4 mm) from the collision surface. By analogy
with the like behavior of glasses, the deviator stress relaxation
was interpreted as evidence of failure wave generation. InRef.
[118] these results of observations were disputed. Figure 21
shows the results of experiments [119] on Al2O3 and B4C
ceramics. Unlike glasses, the amplitude lowering of the elastic
precursor due to failure wave generation is not observed in
experiments on ceramic plate stacks. In fact, the particle
velocity and, accordingly, the compressive stress behind the
front of the elastic precursor in experiments on stacks turned
out to be even somewhat higher than in experiments on
monolithic specimens.

The generation of failure waves is supposedly possible
only in homogeneous materials, in which the nucleus
microcracks may concentrate in the surface layers with
retention of the homogeneous and defect-free interior of the
material. In any case, from the fact that the failure waves have
not been recorded in ceramics it by nomeans follows that they
are deformed in a ductile manner under shock compression.

Paris et al. [119] came up with the idea of diagnosing the
character of inelastic deformation under the shock compres-
sion of brittle materials by varying the magnitude of
transverse compressive stress and measuring its influence on
the dynamic elastic limit. It has been known that the elastic
limit in the brittle fracture domain depends strongly on the
pressure, while this dependence virtually vanishes with the
onset of plasticity. For a plastic deformation, the amplitude
of the elastic precursor should correspond to the yield
criterion, for instance to the Mises or Tresca criteria,
whereby the stress at the dynamic elastic limit is related to
the yield stress st as

sHEL � st
1ÿ n
1ÿ 2n

;

where n is the Poisson's ratio. The presence of a relatively
small transverse pressure p leads to a small increase in
precursor amplitude:

s duct
HEL �

�st � p��1ÿ n�
1ÿ 2n

:

In the case of brittle behavior, advantage can be taken of
Griffith's criterion, which gives

sHEL � st
1ÿ n

�1ÿ 2n�2 :

In this case, the imposition of transverse pressure gives rise to
a much greater increase in the amplitude of the elastic
precursor:

s brit
HEL �

�
st � �1ÿ 2n��3ÿ 2n� p� 1ÿ n

�1ÿ 2n�2 ;

which exceeds the effect of transverse pressure for the
behavior of plastic by a factor of two and a half.

Figure 22 shows the measured velocity profiles of the
surface of the free and prestressed specimens of aluminum
oxide and boron carbide under shock-wave loading. The
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controllable transverse pressure p � 0:3 GPa in the speci-
mens was produced by the method of shrink fit into steel
rings, which initially had a smaller inner diameter (by 0.1mm)
than the specimens.

The results of experiments displayed in Fig. 22 unambigu-
ously demonstrate the difference in the reaction of aluminum
oxide and boron carbide to transverse pressure. Therefore,
experiments show that aluminum oxide behaves like a plastic
material under one-dimensional compression in a shock
wave, while in boron carbide compression-induced brittle
fracture occurs.

8. Conclusions

The significance of investigations into the inelastic deforma-
tion and fracture of solids under shock-wave loading is due
both to the unique opportunity of investigating the area of
strength and plasticity physics for the highest and reliably
measured rates of straining and to diverse practical demands,
which are not limited only to shock actions. Shock-wave
experiments enable obtaining information about the most
basic strength properties of materials under conditions which
eliminate the surface effect on the deformation and fracture.

In this way, it is possible to realize the states of solids and
liquids which are close to the maximum possible strength and
thereby estimate their strength resource experimentally.

The first investigations into the elastic-plastic and
strength properties of metals and alloys at elevated tempera-
tures and extremely high rates of shock-wave loading revealed
interesting effects, which might have been expected but had
nevertheless not been predicted by the theory. The results of
measurements show that the effect of temperature on the yield
stress may be opposite to what takes place at low and
moderate rates of straining. The temperature dependences
of the strength of monocrystalline and polycrystalline metals
near the melting point are significantly different in character,
which is attributable to the effects of superheating of the
crystalline state and premelting. New opportunities are
opening up for studying superheated solid states and melting
in the negative-pressure domain. There are grounds to believe
that the observed premelting effect may be employed for the
quantitative description of the material state at grain
boundaries.

Recent investigations confirm the information value and
fruitfulness of shock-wave material studies and of gaining
information about fast physicochemical transformations, and

4� 1.5 mm

6 mm

Al2O3 (3.93 ë 3.94) g cmÿ3

0 0.2 0.4 0.6

Time, ms

1.2
S
u
rf
ac
e
ve
lo
ci
ty
,k

m
sÿ

1

1.0

0.8

0.6

0.4

0.2

0

a

4� 1.5 mm

5 mm

6.07 mm

B4C, 2.47 g cmÿ3

Time, ms
0 0.2 0.4 0.6

1.2

S
u
rf
ac
e
ve
lo
ci
ty
,k

m
sÿ

1

1.0

0.8

0.6

0.4

0.2

0

b

Figure 21. Comparison of surface velocity profiles for a thick plate and a stack of thin plates for ceramic aluminum oxide (a) and boron carbide (b).

Loading was effected by the impact of a 2-mm thick aluminum plate with a velocity of 1.9 km sÿ1 [119].

500

400

300

200

100

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

30

u
c
ÿ
u
u
,m

sÿ
1

20

10

0

0
ÿ10

0.02 0.04 0.06 0.08 1.00
t, ms

a

Time, ms

S
u
rf
ac
e
ve
lo
ci
ty
,k

m
sÿ

1

1.2

1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6

b

Time, ms

S
u
rf
ac
e
ve
lo
ci
ty
,k

m
sÿ

1

Prestressed specimen

Free specimen

Figure 22. Comparison of the surface velocity profiles of the free (dashed curves) and prestressed (solid curves) plates of ceramic aluminum oxide (a) and

boron carbide (b) [119]. The inset shows the variation of velocity difference with time.

788 G I Kanel', V E Fortov, S V Razorenov Physics ±Uspekhi 50 (8)



the laws of straining and fracturing for extremely high rates of
loading. It has been shown that the polymorphous transfor-
mations of solids under shock compression may occur in a
time of 10ÿ9 ± 10ÿ7 s or shorter. Modern shock-wave techni-
ques offer unique possibilities for determining the limiting
rates and high-rate mechanisms of crystal structure reorder-
ing. On the other hand, investigations of some polymorphous
transformations, like the graphite-to-diamond transforma-
tion, are evidently important from the practical standpoint in
connection with the realized and numerous potential techno-
logical applications of shock-wave treatment. From this
viewpoint it is important to elucidate the effect of structural
and other factors on the kinetics and completeness of the
transformation. Since polymorphism under compression is
inherent in many engineering and other practically important
materials, its investigations are of importance from the
viewpoint of computational prognostication of high-inten-
sity pulsed treatment.

The last decade has seen the rise of interest in the behavior
of brittle materials. In particular, active studies are being
made of failure waves, which were discovered by Russian
researchers. Failure wave generation is one of themechanisms
responsible for the catastrophic loss of strength of highly
consistent brittle materials and exemplifies a nonlocal
reaction of a material to loading. The set of techniques for
diagnosing the states of shock-compressed brittle materials
has been substantially broadened by the development of a
methodology for testing prestressed specimens and testing
with diverging shock waves.

In the coming decade one would expect a substantial
broadening of the application of shock-wave techniques for
solutions to the problems ofmaterial science and strength and
plasticity physics. Further investigations of strength varia-
tions at the mesolevel and elucidation of the formation
mechanism of localized shear bands will facilitate the
development of new high-strengthmaterials and the improve-
ment of their processing technology. Elucidating the details of
the mechanism of brittle fracture under compression would
foster advances in the design and application of superhard
materials and in earthquake prognostication.

This work was performed in the framework of the basic
research programs of the Presidium of the Russian Academy
of Sciences, ``Investigation of matter under extreme condi-
tions,'' ``Quantum macrophysics'' (Subprogram No. 2
``Effect of atomic-crystalline and electronic structure on
condensed matter properties''), and the Power Engineering,
Machine Building, Mechanics, and Control Division of the
Russian Academy of Sciences, ``Structural mechanics of
materials and structure elements. Interaction of nano-,
micro-, meso-, and macroscales in deformation and fractur-
ing,'' and with grants from the Russian Foundation for Basic
Research No. 03-02-16379-a and No. 06-02-17057-a.
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