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Investigations of the mechanical properties of materials under shock compression are 
needed to predict the operability of many modern structures and for the development of new 
engineering treatment methods. The magnitude of the critical shear stresses on a shock front 
determines the condition for passage from the elastic into the plastic state. The use of 
piezoresistive pressure transducers permits direct measurement of the normal and tangential 
stresses on the wave front, whose difference characterizes the magnitude of the shear stress. 
Measurements performed in lead, several steels, aluminum alloys, and copper showed a prac- 
tically linear increase in the shear stress with the rise in pressure on the wave front (pres- 
sure range from i0 to 130 kbar). The strongest dependence is detected in lead. The results 
obtained indicate a more complex pattern of the phenomenon than that which follows from 
elastic-plastic theory taking account of the influence of hydrostatic pressure on the magni- 
tude of the shear stress. 

The energy criterion, representing the equality of the elastic and the rupture energies, 
is one of the most widespread for the description of the spall phenomenon. The minimal ef- 
fective value of the rupture energy Ymin can be estimated from test results on the loading 
of specimens by a grazing detonation wave. Values of Ymin for 13 metals and three plastics, 
obtained under identical loading conditions, are represented. 

Results of investigating the dependence of the spall strength of a whole series of met- 
als and alloys on the temperature in the range 196-800~ showed that the spall process is 
not athermal. Investigation of the microstructure of specimens subjected to shock loading 
permits relating the temperature dependence of the spall strength to a different rupture 
mechanism in a broad temperature test range. 

I. INVESTIGATIONS OF THE SHEAR STRESS 

The stress state of a volume element under shock compression in uniaxial strain condi- 
tions is characterized by two principal stresses, Pn the stress acting on an area perpendicu- 
lar to the wave propagation direction, and PT the stress acting on areas parallel to the di- 
rection of its propagation. The maximum tangential (shear) stresses T in a homogeneous sub- 
stance act on planes located at a 45 ~ angle to the plane of the shock front 2T = Pn -- P~o 
The mean (hydrostatic) pressure in a volume element is P = (Pn + 2PT)/3, from which Pn = 
P + (4/3)T. This relationship determines the mutual location of the shock adiabat and the 
hydrostatic compression curve. 

It is assumed in the simplest theories of elasticity and plasticity that the magnitude 
of the shear stresses remains constant upon loading a material above the elastic limit. In 
the Coulomb-~Navier theory of tangential stresses, a dependence of the critical shear stresses 
on the magnitude of the normal pressure on an area is introduced by using the internal fric R 
tion coefficient 

(To is the slhear stress for P = 0, the negative sign in the formula corresponds to positive 
P under tension). Measurements of the shear strength under high static pressures in the 
known researches of P. Bridgman and L. F. Vereshchagin displayed their significant increase 
as the pressure rose. A strong dependence of the critical shear stresses on the magitude of 
the pressure in the shock front was detected also in the first experiments on shock compres- 
sion of metals [1-4]. 
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TABLE 1 

Material under 
investigation 

St. 3 

>) 

>) 

)> 

>> 

St. 45 

AMg-6 aluminum 

AD-1 aluminum 

S-4 lead 

M1 copper 

Stress 

normal Pn,: tangential, 
kbar Pr' kbar 

12,0 5,0 
46,5 31,0 
52,0 35,0 
62,0 4f,0 
66,0 44,0 
83,0 57,0 

t02,0 72,0 
t30,0 93,0 
70,0 44,0 
7i,0 44,0 

t30,0 93,0 
20,5 t8,5 
42,0 39,0 
49,0 45,0 
75,0 69,0 
37,0 32,0 
78,0 55,0 

ti9,0 9i,0 
23,0 lO,O 
45,0 21,0 
46,0 17,0 
56,0 23,0 
58,0 22,0 
59,0 26,0 
77,0 27,0 
95,0 40,0 
2A,0 i9,5 
62,0 52,0 
68,0 60,0 

t l t ,0 94,0 

Magnitude 
of the shear 
stress ~ T, 

',bar 

7,0 
t5,5 
17,0 
21,0 
22,0 
26,0 
30,0 
37,0 
26,0 
27,0 
37,0 

2,0 
3,0 
4,0 
6,0 
5,0 

23,0 
28,0 
t3,0 
24,0 
29,0 
33,0 
36,0 
33,0 
50,0 
55,0 
4,5 

10,0 
8,0 

17,0 

Until recently, an indirect method of "overtaking unloading," based on a study of the 
attenuation of a shock excited in a material by the impact of plate, was used to determine 
the magnitudes of the critical shear stresses behind a shock front. The magnitudes of the 
critical shear stresses were estimated from a comparison between the experimental dependences 
of shock attenuation in the specimen [1,5] and a series of computed dependences obtained for 
different amplitudes of the elastic unloading wave. That value at which the best agreement 
with experiment was obtained was taken as the desired quantity. The magnitude of the criti- 
cal shear stress in copper (3.5 kbar) was estimated by computational means in [6] from the 
results of experiments in which the radius of the cavity being formed upon unloading contin- 
uous spheres after they had been compressed by a spherically-symmetric shock was determined. 
The possibility of measuring the shear stress under shock compression as the difference be- 
tween two principal stresses at the shock front appeared with the development of methods of 
measuring pulse pressures by using manganin and dielectric transducers. In these experi- 
ments, transducers of quite small thickness were inserted into slits made in the material 
perpendicularly and in parallel to the shock front being propagated therein. Because of the 
small transducer dimensions, their influence on the pattern of the wave processes in the ma- 
terial is negligible. Magnitudes of the principal stresses Pn and PT are measured directly 
in tests. To produce shock pressures of different magnitude in the materials under investi- 
gation, explosive loading units of the "flake" type were used in [7] (see [8], for example). 
The loading was realized through a shield of steel, copper, aluminum, Plexiglas, polyethylene. 
The pressure transducers were fabricated from 0.05 mm diameter manganin wire with copper foil 
leads 0.04 mm thick and 2 mmwide. The transducer insulation was from fluoroplastic, Lavsan, 
or mica films. The total transducer thickness was 0.20-0.25 mm, the resistance was 3-5 ~, 
and the magnitude of the working current was approximately i0 A. The recording was by a 
bridge circuit using an 0K-33 oscilloscope. The sensitivity of the measuring channel was not 
less than 0.04 V/kbar, and the error in the pressure measurement did not exceed 10%. 

The results of the investigations performed are represented in Table 1 and in Fig. 1 in 
the coordinates 2T, Pn" Some data of other authors are presented there: the results of 
analogous investigations using manganin and dielectric transducers [9-11] (i -- lead [7]; 2 -- 
St-3 [7]; 3 -- St. 45 [7]; 4 -- St. 20 [i0, 11]; 5 -- St. 20 [7]; 6 -- copper [7]; 7 --AD-I alu- 
minum [7]; 8 --AMg-6 aluminum [7]; 9 -- V95 aluminum [i!]), as well as results of measuring 
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the Hugoniot pressure in elastic compression waves [12-14]. These latter are of interest 
for relatively moderate shock compression pressures. 

The magnitude of the Hugoniot elastic limit (PH), determined by the breakpoint on the 
shock compression adiabat for the material, and sometimes called the dynamic yield point, is 
related to the yield point under simple compression (o d = 2T) by the relationship 

t - -  ~z (yd. PH ~ i -- 2p 

The dependences represented in Fig. i characterize a practically linear increase in the 
magnitude of the critical shear stresses behind the shock front due to the pressure. The 
maximal magnitude of the pressure in the shock in the results presented is obtained in steel 
specimens ~nd is 130 kbar, i.e., equals the pressure of the phase transition (~ + ~) in iron 
under shock compression. In this connection, it should be noted that for the two steels in- 
vestigated in this paper (St. 3 and St. 45), the magnitudes of the shear stresses near the 
phase transition point are in agreement while they differ noticeably in the intermediate do- 
main (from the Hugoniot pressure to the phase transition pressure). The magnitude of the 
shear stress for St. 3 and St. 45 near the phase transition point is just one-third the the- 
oretical strength for steel (T T = G/15, G is the shear modulus). That the hydrostatic pres- 
sure curve for St. 3 [7], computed by means of the measured values of Pn and PT, is in good 
agreement with the known hydrostatic compression curve for this steel can be confirmation of 
confidence in the results obtained under shock loading. 

The results of measuring T in shock experiments for St. 45 [7] lie noticeably above the 
static investigation data [15]. The same discrepancy holds also for certain other metals. 
Let us note that the stress state under static conditions is inhomogeneous over the specimen 
section, consequently T should be a certain average characteristic of the shear strength. 
Performing a detailed analysis of static experiments to compare with shocks is quite a com- 
plex problem. In this connection, it should be emphasized that the specimen material in [7] 
(loading by a stationary wave of definite duration by using "flakes") was practically under 
constant conditions for ~2 psec behind the shock front. Hence, to explain the discrepancy 
between the data and the static results because the loading is "dynamic" would seem to assume 
that the relaxation time of the tangential stresses is quite large (m 2 psec), which is ap- 
parently of low probability. The data in [i0, II] for St. 20 contradict the results pre- 
sented and the data of static investigations~ An increase in the shear strength of St. 20 
to a 90 kbar pressure is not recorded in the papers mentioned. An increase in the shear 
strength for the aluminum alloy V95 at a 70 kbar pressure is also not detected in [I0]o This 
diverges from the general physical representations about the influence of pressure on the 
magnitude of the shear stress. It is possible that the reason is methodological errors as- 
sociated with the use of a dielectric transducer in these papers, whose operating mechanism 
had not been investigated completely yet. Thus, for example, it was shown in the experiments 
we performed using dielectric Lavsan, fluoroplastic, and mica transducers that under the ef- 
fect of two successive compression waves on a transducer, it stably (severalfold) reduces 
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the amplitude of the second wave while completely reproducing the time nature of the shock 
profile record obtained by using a manganin pressure transducer and a capative velocity trans- 
ducer. The results of the investigations performed showed that this reduction can be ex- 
plained only by an abrupt change in the physical properties of the dielectrics under repeat- 
ed shock compressions. Therefore, the method of measuring pulse pressures by the dielectric 
transducer method does not permit the recording of a multiwave shock configuration. It can 
consequently be assumed that initially an elastic predecessor acted on the transducer in the 
tests described in [i0], and then a second wave, whose pressure could be reduced in conform- 
ity with the phenomenon noted. For the two aluminum alloys investigated (AD-I and AMg-6), 
the dependence of the resistance to shear lies above for the alloy AD-I. A similar phenome- 
non is detected in [16] in investigations of the dynamic tension diagrams of these alloys. 

The unexpectedly strong dependence of the shear stress on the pressure in a shock is ob- 
tained for lead. If it is taken into account that the shear stress behind a shock front is 
practically zero for a 400 kbar pressure in the shock in [3], as is confirmed by the fact of 
lead melting under these shock compression conditions, then it should be considered that a 
sufficiently abrupt rise in the shear stress occurs in lead in the pressure range from zero 
to 400 kbar, with a subsequent diminution to zero. 

The results of experimental investigations represented, particularly the stronger de- 
pendence of the shear stress under shock loading than in static experiments, the unexpectedly 
s%gnificant rise in the shear stress for lead, the difference in the behavior of aluminum al- 
loys, indicate a more complex pattern of the phenomenon than that which follows from elastic- 
plastic theory, of taking account of the influence of the hydrostatic pressure on the magni- 
tude of the shear stress. For a detailed analysis of the influence of the shear stress on 
the shock compression of materials, it is necessary to rely on a more complex model, for in- 
stance, a viscoelastic plastic body, as a number of authors has already noted (see [17], say). 

2. INVESTIGATION OF THE RUPTURE STRESSES UNDER SPALLING 

The tensile stresses in a material subjected to shock loading that result in spall rup- 
ture occur during the interaction between rarefaction waves reflected from free surfaces and 
propagated behind a compression wave front. In computational-experimental methods of inves- 
tigating the spall phenomenon, the resistance of the material to shear stresses is often ne- 
glected (hydrodynamic approximation). The change in entropy can also be neglected in an ex- 
amination of not too strong shocks (quasiacoustic approximation) by considering that the 
pressure is a function of just the density, while the shock adiabat and the expansion isen- 
trope coincide. It is impossible to neglect the change in entropy under the action of strong 
shocks while the influence of the shear stress is insignificant. In this case, the equation 
of state is used in the Mie-Gruneisen form. Experimental investigations of the spall phenom- 
enon, performed in the 50'sand60's, showed that thespallstrengthisnota constant characteris- 
tic for a given material, but depends to a strong degree on the conditions of conducting the 
test. The deduction that the rupture criterion during spall should include the time inter- 
val during which tensile stresses exist in the material was first made in [18]. The process 
of rupture during spall consists of the generation of microcracks in the weakest areas of the 
material, and their development and merger into mainline crack separating the material, i.e., 
it requires a definite time interval dependent on the prehistory of the stress state (from 
the earliest papers, see [19-22], for instance). Recently, the kinetic theory of the rup- 

388 



TABLE 2 

Material h,, mm h~, mm Vmin' 
ifcm~ 

2--12 AD-I aluminum [263 
Aluminum alloy DI@ 

(quenched) [26] 

Aluminum alloy D16 
(annealed) [26] 

Aluminum alloy AMts [28] 

Aluminum alloy AMg [29] 
M1 copper [26] 
NP2 nickel [2] 
PS1 lead [26] 

St. 3 [30, 29] 
St. 3 [26] 
S418-36 cast iron [26] 
12KhlSN10T steel [26] 
VT3 and VT14 titanium [26] 

Polytetraflnoroethy lene 

Plexiglas [26] 
Polyethylene [26] 

0,3--2,6 

0,5--1,8 

0,4--t,t 

0,5--2,2 
3--5 

0,3--1,5 
0,3--t,6 
0,3--0,5 

3--5 
0,3--t,6 
0,5--0,8 
0,8--2,6 
0,8--2,6 

0,3--03 
0,3--0,9 
0,3--0,6 

t0 

tO 
2--t5 

8 
2--12 

�9 2--4 
8--i2 
5--40 
2--4 

4 
2--4 
2--4 
3--i5 

10--20 
5--20 

t,25 

7,t0 

2,65 
t , 2 1  

6,53 
0,60 
2,97 
O,ti 
9,15 
3,30 
0,43 

35 
47 
0,28 

035 
0,05 

ture of solids, relating the longevity of the solid to the magnitude of the stress and the 
temperature and confirmed by extensive experimental material in the domain of a 10 -3 sec and 
higher load action time, has received extensive propagation. The inapplicability of the ki- 
netic theory in the range of short times (10 -6 sec and less) has been noted repeatedly, i.e., 
in the description of spall phenomena. A detailed survey of existing rupture criteria dur- 
ing spall is presented in [23]. One is the energetic spalling criterion representing the 
equality of the elastic energy in the tension pulse to the work performed in separating the 
material (the rupture energy) y. The mean energy needed to separate a material can be esti- 
mated by knowing the characteristic time of operation of the negative stress Pcr causing the 
spalling rupture. The kinetics of the development and merger of the cracks in the rupture 
domain is not considered here. Let us note that the total area of the surface being formed 
during spall (i.e., during interaction of the cracks) should depend on the nature of crack 
propagation (on their velocity, see [24]). Nevertheless, the quantity y defined in conform- 
ity with this criterion for different materials in tests of identical formulation should ap- 
parently yield a sufficiently objective comparative pattern of material behavior under spall. 
Experimental data on the rupture energy of different steels are presented in [25]. 

Among the simple computational-experimental methods of investigating the spall phenome- 
non is the case of loading by using a grazing detonation wave in a thin layer of explosive 
material (HE). 

The use of plastic HE makes this the simplest method in technical respects. A plastic HE 
with a 1.52 g/cm ~ density and 7.8 km/sec detonation rate was used in [26]. The HE strip su- 
perposed on the surface of the specimen being investigated was initiated by using a linear 
detonation wave generator from a perforated plastic HE. The nature of the spall rupture was 
observed visually after the loading, and the thickness of the spall layer was measured. A 
numerical computation of the flow field in the explosion products (EP) and the loaded materi- 
al was perforated by the method of characteristics. The method of computation is described 
in detail in [27]. The expansion isentrope of the EP was taken in the form of a cubic poly- 
trope, and the equations of state of the materials were taken without taking account of the 
strength and the change in entropy, in the form of known linear relationships between the 
wave and mass flow velocities. The maximal negative pressure in the rupture plane and the 
pressure gradient AP/Ax in the tensile pulse, whose shape is almost triangular in this case~ 
were determined in the computations. 

To estimate the correctness of the computations, the parameters of the shock emerging 
on the free surface (the pressure in the wave front, the free surface velocity) were measured, 
which exhibited completely satisfactory agreement between the computed and experimental data 
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for plastic metals and polymers.* Some results of processing the data obtained are repre- 3,---- 
sented in Fig. 2 in the coordinates Per F AP/Ax (a, the point i is the aluminum alloy ~ts 
[28], 2 is the aluminum alloy AMg [29], 3 is the alloy DI6 (annealed) [26], 4 is the alloy 
DI6 (quenched) [26]; b, the point 1 is St. 3 [26], 2 is St. 3 [30, 29]). Such a selection 
of coordinates is due to the attempt to systematize the experiment results from the view- 
point of the above-mentioned energetic spalling rupture criterion. In application to the re- 
sults of this paper, this criterion can be represented in the form 

/<') Pcr  ~ =: 6poc87 ( 2 . 1 )  

(Po is the density, and co is the volume speed of sound). In the mentioned coordinates, the 
results of tests in which the presence of absence of spall in this material was determined 
can be delimited by a line from the origin and separating the spalling rupture zone, and con- 
serving the continuity of the material. As follows from (2.1), the slope of this line de- 
termines the magnitude of the minimal rupture energy 7min" The rupture energy values ob- 
tained in this manner are represented in Table 2. The ranges of variation of the HE layer 
thickness hl and specimen thickness h2 are given there. It can be asserted that spalling 
rupture will not occur under analogous or almost similar conditions of shock loading if the 
elastic energy in the tension pulse does not exceed the value Ymin obtained in this manner. 
Comparing the values of Ymin obtained with the results of other authors [31-34], obtained in 
tests with explosive loading by an HE charge from a plane detonation wave or under impact by 
a plate, displays a noticeable increase in the values of the rupture energy in the latter 
papers. This can be explained not only by the fact that the data represented in Table 2 
characterize the minimal rupture energy, but principally also by the influence of the system 
scale. This is indicated, for instance, by the increase in y to 9 J/cm 2 for St. 3 [30] under 
analogous loading (grazing detonation) and an increase in the scale and a diminution in 
for aluminum 6061-T6 to i J/cm 2 [35] under loading by the impact of a plate and a diminution 
in the system scale. This is apparently related to the fact that crack origination occurs 
in a volume whose size is commensurate with the size of the loading pulse, i.e., the energy 
going into rupture is proportional in a first approximation to the system scale. 

Investigations of the spalling strength at elevated temperatures when the dependence of 
the magnitude of the rupturing stresses Pcr on the time should appear more clearly are of 
considerable practical and scientific interest. A comparatively weak diminution in the Pcr 
of steel and copper was detected in the first papers devoted to this question [36, 37], as 
the specimen temperature rose. On the basis of the results of tests they performed, the au- 
thors of [38] made the deduction that the process of metal rupture is almost athermal for 
longevities in the microsecond range. 
AMg-6 were first obtained in [39] for 
(around 600~ A sufficiently rapid 
the rise in temperature above 200~ 

Values of the spalling strength of aluminum alloy 
a broad range of temperatures up to the melting point 
diminution in the spalling strength was detected with 
The rupture energy at T = 500~ turned out to be one- 

sixth that at normal temperature (the loading was accomplished by the impact of a plate). 
The results of further investigations, part of which is elucidated in [31], also do not agree 
with the deduction [38] about athermy of the spalling rupture of metals. Specimens from St. 
3, 12KhI8NIOT steel, MI copper, AD-I aluminum, the aluminum alloy DI6, $2 lead, and VT-14 

*In the case of loading metals possessing considerable shear strength, shock attenuation will 
be more intense, and the computation yields only the upper bound for the shock amplitude. 
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titanium were investigated in [31] in a broadtemperature band. The specimens of the metals 
under investigation were fabricated from material in the factory delivery state. The load- 
ing was by the impact of an aluminum plate accelerated to a given velocity by the grazing 
detonation of a plastic HE. Specimen heating was by the radiant heat flux from a heater. 
The specimens were cooled to the temperature --196~ by submersion in a vessel with liquid~ 
nitrogen. Specimens of the material under investigation were brought to total separation 
(to the formation of a mainline crack) in a series of tests with a successive stepwise in- 
crease in the velocity of the impactor plate. The magnitude of the tensile stresses in the 
spall plane was determined by a computational method. The validity of the computations was 
confirmed by the results of direct pressure measurements. The loading time was 1.3 ~sec. 
Some of the dependences Per = f(T) constructed in this manner are presented in Fig. 3 (a, 
St. 3; b, $2 lead; c, MI copper). Curves are drawn through the experimental points corre- 
sponding to the formation of a mainline crack ( -- mainlirO crack present; O-- crack ab- 
sent). Dependences of the spall strength on the temperature are constructed in Fig. 4 in 
the dimensionless coordinates (Pcr/Po, T/Tm) for the metals investigated (T m is the melting 
point, Po is the spall strength determined in these experiments at 0~ which is i7.5 kbar 
for AD-I, 23.2 kbar for DI6; 24.4 kbar for AMg-6; 38.9 kbar for St. 3; 54 kbar for the steel 
12KhI8NIOT; 48.1 kbar for VT-14 titanium; and 34.3 kbar MI for copper). Line 1 is VT-14 ti- 
tanium, 2 is St. 3, 3 is M1 copper, 4 is AD-I aluminum, 5 is the aluminum alloy DI6, 6 is the 
aluminum alloy AMg-6, and 7 is $2 lead. The graph demonstrates the noticeable difference in 
metal behavior in the considered temperature range. The diminution in the spall strength of 
steel and copper at negative temperatures as well as the fact that the magnitude of the spal! 
strength of metals is a significant quantity as the melting point is approached, should be 
noted. The experimental results obtained indicate that the temperature substantially affects 
the crack origination and development during spall. A temperature rise results in a certain 
activation of the dislocation mechanisms of crack origination, which results in a reduction 
in the critical level of the rupturing stresses. Lowering the temperature results also in a 
change in the rupture characteristic from viscous to brittle, which also specifies a reduc- 
tion in the rupture stress level for some metals at the temperature --196~ 

A study of the microstructure of specimens in the domain of rarefaction wave interac- 
tion that results in rupture yields valuable information about the spalling rupture mechan- 
ism for metals at different temperatures. For example, intense twinning in the ferrite grains 
is observed in St. 3 at the temperature --196~ in practically the whole bulk of specimen, 
while twinning occurs at the temperatures O~ and 400~ only near the impact surface. Micro- 
crack origination in St. 3 occurs over the whole bulk at --196~ (in the ferrite and perlite 
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grains, on the grain boundaries, in inclusions). At 0~ microcracks originate mainly on the 
ferrite grain boundaries. Microcrack origination starts at 400~ and 800@C at the sulfide 
inclusions in the ferrite. The development of spalling rupture and the formation of a main- 
line crack occur because of pore growth and cracking of the material between the pores. The 
reduction in the spall strength of St. 3 at negative temperatures (Fig. 3a) is related to the 
increase in the quantity of centers of microcr~ck origination and the more brittle nature of 
their development. A comparatively small diminution in the spall strength during heating 
is related to the diminution in the number of crack origination centers. The noticeable 
hardening during cooling for 12KhlSNIOT steel (Fig. 4) is caused by the phase transition of 
austenite into martensite that occurs under shock compression at these temperatures. A con- 
siderably stronger diminution in the spall strength occurs during heating of 12KhI8NIOT steel 
specimens as compared with St. 3, which can be related to the increase in the number of in- 
clusions separated out from the solid solution during heating. Investigations of the micro- 
structure of a whole series of metals showed that the individual nature of the temperature 
dependence of the spall strength for each can be explained by a different mechanism for the 
origination and propagation of cracks in a broad temperature range. It is hence impossible 
to speak about the athermy of the rupture process in the "microsecond" loading range on the 
basis of just the weak temperature dependence of the crack propagation velocity (the speed 
of sound). 

Experiments we performed with Plexiglas in the temperature range from 0~ to ll0~ 
demonstrate the noticeable dependence of the spall strength on the nature of rupture devel- 
opment. Loading was by the impact of an aluminum plate, analogously to [31], and the char- 
acteristic loading time was 1.5 psec. The dependence obtained is represented in Fig. 5. The 
spall strength of Plexiglas near the temperature ll0~ (softening temperature) grows by ap- 
proximately 30% as compared to 0~ It can be assumed that the passage of Plexiglas into 
the softened state at T = II0~ results in a significant change in the nature of the spall 
rupture (from brittle to viscous), and therefore in an increase in the rupture viscosity 
and the uniquely related rupture energy. 

Experimental investigations recently performed permitted a more detailed representation 
of material behavior under intense short-range loads. They showed that the most important 
mechanical properties of materials subjected to shock loading in the practically important 
range of pressures to several hundred kilobars cannot be described by using simple compu- 
tational models. Further development in this area requires continuation of the studies in 
the high temperature range and "ultrashort" (to 10 -8 see) characteristic times of tensile 
stress action. 
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MODELING OF SPALLING RUPTURE UNDER SHOCK DEFORMATION. 

ANALYSIS OF AN INSTANTANEOUS SPALLING SCHEME 

N. Kh. Akhmadeev and R. I. Nigmatulin UDC 539.42:620.172.254 

i. Spalling of the rear part of a specimen being loaded [i, 2] is observed during shock 
or explosive loading of metal targets when the shock being generated is of sufficient in- 
tensity and emerges on the free surface. Experimental investigations of this phenomenon in 
[3, 4] are devoted mainly to the determination of the time dependence of the specimen 
strength in the spall section for loads ofduration ~i0 -6 sec. On the basis of the data from 
these experiments, one of the deductions [4] is the determination of the spalling rupture pro- 
cess as a multifocus process, when there occur a large number of microcracks in the tensile 
force zone, which merge in their further development into a single large crack separating 
the specimen into two parts. A group of papers [i, 5-8] represents the results of experi- 
mental investigations of spalling rupture stresses under shock and explosive deformation of 
specimens of different materials. Analysis of these papers results in the following funda- 
mental conclusion: For each of the materials tested there is a significant spread in the 
calculated (by acoustic theory) values of the spalling rupturing stresses, that vary substan- 
tially as a function of the experiment conditions. Part of the spall experiments (see [6, 9], 
say) is devoted to determining the threshold values of the impactor flight velocity corre- 
sponding to the origination of initial damage (or micropores, microcracks) in the tension 
wave, and to the formation of total spalling rupture. It should be noted that because of 
the great complexity and for a more unique treatment, the experiments are performed mainly 
in a plane formulation permitting the clarification of the most characteristic features of 
the phenomenon being studied. Considerable difficulties must also be encountered in a nu- 
merical modeling of the shock and explosive loading of specimens. The mathematical models 
proposed for the nonstationary shockwave flows are a system of nonlinear partial differential 
equations, and they can be investigated completely only by using powerful computers. 

Especially necessary in a numerical investigation of the propagation of an initiated 
shock pulse is taking correct account of the different physicochemical processes occurring 
in the shocks and the rarefaction waves -- for instance, taking account of the elastic- 
plastic and phase transitions resulting in the formation of a multiwave profile of the shock 
pulse, taking account of wave interaction on the contact and free boundaries, etc. The shock 
loading method and the history of flow development can alter the whole wave pattern to a sig- 
nificant extent. Hence, constant correlation of the results of a computation with the data 
of full-scale tests is necessary. An elastic-plastic model of a two-phase continuous medium 
with physicochemical transformations is developed in [i0, II], that permits modeling process- 
es occurring during the high-speed collision of two plates of length ~i and I and complicated 
by phase transformations. Modeling the motion of detonation waves and the loading process of 
iron and nickel specimens by the explosion of a superposed high-explosive charge of crystal- 
line and porous hexogen is executed in [12, 13]. On the basis of the elastic-plastic model 
proposed in [i0, ii], a numerical investigation is performed in this paper for the process 
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