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INVESTIGATION OF SPALLING FRACTURE 

UNDER SHOCK DEFOP@iATION. 

MODEL OF A DAMAGED I[EDIU~I 

N. Kh. Akhmadeev UDC 539.42:620.172.254 

In connection with the diverse applications of the action of shocks in engineering and 
science, the question of the strength of the materials being tested under intensive dynamic 
action conditions is important. At this time the domain of static and quasistatic rupture 
under tension has been studied sufficientlv well. The kinetic (thermofluctuation) theory of 
the strength of solids (yielding a dependence of the specimen longevity on the magnitude of 
the tensile stresses o and on the temperature T), which is valid for fractures occurring in 
times from 107-10 -3 sec [i] has received great acclaim. For fractures with a ~i0 -6 sec time 
scale there is just a system of test facts that is still inadequate for the complete compre- 
hension of processes occurring under dynamic fracture. 

i. Dynamic Spalling Fracture 

l~le spalling fracture of plates, finite thickness targets first subjected to shock 
loading occurring in very brief times (~i0-6-i0 -7 sec) during head-on interaction of rare- 
faction waves moving from the plate free surfaces is considered. In collisions of rarefac- 
tion waves with intensity 13 GPa and higher, spall in iron and steel specimens is character- 
ized b~r the formation of very smooth (specular) fracture surfaces 12] with hi>~h purity of 
the spall surfaces, and is the result of the rarefaction wave collisions in which the reverse 
E § phase transformations are realized. As the level of the rupt, ring stresses is lowered, 
the purity of the spall surfaces becomes less and under the action of sufficiently high (4-5 
GPa) tensile stresses the domains close to the spall surface are characterized by the pres- 
ence of a large number of microdamage. This is indicated by available test data from a n,m- 
her of experimental papers on the collision of plates ]3-6] in which it is made clear for the 
materials being tested (metals, polymers) that the intensive formation of! microdamage (in the 
form of flat cracks or round pores) occurs in the zone of action of a tensile imp, lse, result- 
ing in total fracture (rupture) as they accumulate to a certain critical level, in a section 
of the plate standing off from the external free surf~ic~e at a distance approximately equal 
to the length of the impactor. Microdamages are formed in the rupture zone because of the 
destruction of the solidity in submicroscopic inhomogeneities (solid phases, particles of 
insoluble impurities, etc.) under the action of the tensile stresses as well as because -f 
the exposure of already existent submicrocavities (Ras bubbles, shrinkage cavities, blisters, 
etc.). At this time there are no direct methods that permit measurement of the stresses or 
strains (or other parameters) in the fracture domain, and the spall fracture process is deter- 
mined by the experimentally determined velocity W(t) of the free target surface~ by the tbi(,k- 
ness of the spalling layer ~* and the structure of the zones close to the spall s,rfa~e [B- 
5~, hence, mathematical models must be relied upon to analvze the fracture process. 

In investigating spall fractures caused by the action of tensile stresses on the order 
of 6-8 GPa and higher, and characterized by a quite short fracture delay time after the 
appearance of the tensile stresses, diagramming the instantaneous spall 17] is completeJy 
applicable when a mainline crack is formed immediately upon the attainment of a (:ertain criti- 
cal (rupture) stress o*, which divides the specimen into parts at the site where the stress 
o first reaches the value o*. Attempts to utilize limit criteria based on the critical frac- 
turing stresses ~* and their various modifications (for example, taking acco,nt of the rnte 
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of stress growth in the section being fractured, etc.) to describe spall in waves of lower 
intensity did not result in satisfactory results since the formation of microdamage result- 
ing in a delay in fracture and substantially changing the flow pattern in tensile waves with 
4-5 GPa stresses and below becomes the predominant factor in fracture. As the microdamage 
grows, a diminution in the mean stress first occurs in the macroparticle of the damaged 
medium [8], and the possibility of introducing a certain maximal 0*, although even provision- 
ally, raises doubts. ~reover, under similar conditions, specimen fracture occurs with a 
lag, and is developed in a certain time after which tensile stresses occur that are suffi- 
cient for the formation of local damage, hence, the appearance and accumulation of microdam- 
age in the material, that are responsible for the spalling fracture mechanism, and the pos- 
sibility of their partial or total closure under reverse compression must be taken into 
account. The need to introduce measures of the damage or a damageability function in the 
description of fracture in solids was understood long ago by researchers (see [9], for 
instance). Up to now a number of models has been developed in which a continuous measure of 
damage, usually identified with the volume content of vacancies, is introduced to describe 
spalling fracture. A spalling fracture model is developed in [5] for the action of a tensile 
pulse with the generation of a definite number of initial microcracks or micropores of fixed 
dimensions, and then their growth by the exposure of the microdamage being formed also taken 
into account. Complete separation of part of the specimen occurs because of the merger of 
the microvacancies into a single microcrack. Results of a detailed investigation of frac- 
tured specimens are used in [5], in which the microfractures are classified by shape, and 
size, and their volume distribution as a function of size is determined, and in the case of 
microcrack formation, as a function of their orientation also. The fracture being character- 
ized by the formation of microcraeks (having the shape of a flat disk) is called brittle, 
this kind of fracture was observed in armco iron specimens. When almost spherical micro- 
vacancies are formed in the rupture zone (as is characteristic for aluminum specimens), the 
fracture is defined as viscous. It should be noted that the computational models proposed 
in [5] are overloaded with kinetic constants used to describe the kinetics of microdefect 
generation and the rate of their opening. An example of using such a model to describe the 
fracture in copper specimens is presented in [i0]. A somewhat simpler spalling fracture 
scheme as the result of cumulative damage dependent on the applied stress and on the already 
existing fracture, is used in [ii]. The model ol the fracture viscoplastic media with cumu- 
lative damage and taking account of their influence in shear stresses is constructed in [12]. 

A model of a damaged medium is proposed in this paper, which takes account of the pro- 
cess of microdamage formation under the effect of tensile stresses that are capable of devel- 
oping with the lapse of time into macrofracture in the form of spall cracks dividing the 
loaded specimens into parts. In order not to complicate, and without any sufficiently com- 
plex model of a flow with fractures, an elastic--plastic model is considered in which the 
main attention is turned to the process of microdamage, the determination and investigation 
of the kinetics of their growth in tension waves. Not very weak waves (with a 4-5 GPa stress 
level) are considered here, and if necessary the viscoplastic properties of deformable media 
can be taken into account in waves of lower level on the basis of dislocation representations 
[13]. 

2. Equations of the ~del 

Let us consider the motion of a damagable condensed medium in which there are microcavi- 
ties. Such a medium can be represented as a mixture of two phases [14], each of which occu- 
pies a certain part of the total mixture volume V and on whose interphasal surfaces the macro- 
scopic characteristics of the medium (the density, say) undergo a discontinuity. Let the 
first phase be the undamaged part of the carrying medium (we henceforth call it the matrix) 
that occupies the volume V m and is characterized by the true density pO. The second phase 
is the microcavities occuping the volume V~ with the true density of the cavity (gas) mate- 
rial pO , where the evident inequality 0~ ~ is satisfied. Shown as an illustration in 
Fig. I is a cubic macrovolume V of a damageable medium with linear macroscopic dimensions l, 
in which microvolumes of the matrix of the carrying medium V~ and the cavities V~ with the 
characteristic dimensions %<< l are isolated. It is clear that summation of the mentioned 
microvolumes V~ and V~ over the whole macrovolume of the mixture (V>>V~, V~) will yield the 
total volumes of the mixture phases, respectively 

vm = E and -- E 
V V 
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Fig. 1 

which indeed comprise the initial mixture volume V, i.e., V =V m +VF. Let us define the 
specific volume content of the microdamage E as tlle ratio V~/V, then the relation 

. . . .  t '~.~ ~ ~'~ (I .... .~). (2. l ) 

holds for the mean density p of the damageable medium. 

Let us write down the mass, momentum, and energy conservation laws in the one-dimen- 
sional plane case for the average quantities of the damageable medium 

Hll 
I ,~p p , .  . .  , ~  ,I,, a . ( 2 . 2 )  

~) ~t[ - ~h~ t / l '  ~ t)O it t " i l l  - - ~ - ' "  ~llF t l [  i l l"  

w h i c h  a r e  v a l i d  t o  a c e r t a i n  c r i t i c a l  v a l u e  o f  t h e  b u l k  c o n t e n t  o f  t h e  m i c r o d a n m g e  ~*.  Upon 
r e a c h i n g  ~* i t  i s  i m p o s s i b l e  t o  d e s c r i b e  t h e  d a m a g e a b l e  medium by  t h e  m e t h o d s  off c o n t i n u , m  
mechanics. It is natural to relate this critical value oE ~* to the Formation of macrodamage, 
when fracture of the skeleton of the matrix oE the carrying medium occurs in a certain f|ow 
domain and the damageable medium in this domain is transformed into a set nf separate micro- 
particles of the condensed phase (powders). 111e Fracture zone can be one or several through 
macrocracks separating the specimen into individual macroblocks, or macrocavities within the 
specimen that contain microparticles of the initial phase. 

The following notation is used in (2.2)" u is the mass Flow rate of mixture particles, 
e and o are the specific internal energy and the average stress tensor of the damageable 
medium (see Fig. I), which are representable in terms of the appropriate quantities e ~ and 
o ~ of the undamaged matrix material (called the true quantities) in the Form 

~ ' - , ' "  i "~ I " ~ ,  '~ - ,~ " (1  .... /"(.~)) i tT~m(~) ,  ( 2 . 3 )  

where e ~ o and  ~ a r e  t h e  s p e c i f i c  i n t e r n a l  e n e r g y  nnd s t r e s s  (0f t h e  m i c r o c a v i t y  m a t e r i a l ,  and 
eS~ i s  t h e  e n e r g y  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  m i c r o c a v i t y  s , r f a c e s  o f  v n l , m e  ~.  The 
m a t e r i a l  o f  t h e  m i c r o d a m a g e  p h a s e  i s  t h e  g a s  o r  m i x t u r e  o f  g a s e s  d i s s o l v e d  i n  t h e  m a t r i x  
( a c c o m p a n y i n g  t h e  t e c h n o l o g i c a l  p r o c e s s  o f  f a b r i c a t i n g  t h e  i n i t i a l  c o n d e n s e d  medium,  p o s s i b l y  

o .  e o partially rarefied), for whose parameters e~' and ~ "c~ ~ are valid relative to the carry- 
ing condensed phase parameters as for the densities 0~ 'and pO. Examples can be presented 
when it is impossible to neglect the quantities p~, eCand ~o ~. of the gas phase being formed 
in the initial solid medium. In particular, upon detonation of solid explosives the density~ 
pressure, and internal energy of the gaseous detonation products being Formed d,ring L:l~e 
chemical reactions are commensurate, in order of magnitude, with the corresponding solid 
phase quantities, and they should be taken into account in Full measure J l5J. In (2.3) the 
F(~) and ~(~) are functions of the microdamage shapes. In the simp]est case F(~) =~(~) =~, 
The necessity to take account of the microdamage shape in the model is because the vnlume nf 
a unit microcrack in the shape of a flat disc (even when the disc radius agrees with the pore 
radius) is less than the volume of a unit spherical micropore. Hence, in the lormation of 
plane microcracks (~c) with spherical micropores (~p) of identical specific bulk content 
~c =~p, the quantity of microcracks N c and their total surface S c (which is interphasal in 
the damageable medium) is greater than the corresponding quantities Np and Sp For the micrc~- 
pores, Consequently, the average stress o bein~ rea]ized in an arbitrnrily separated macro- 
area S in the damageable medium depends on the shape of the microdamage, and For the micro- 
cracks on the orientation also. The internal energy and stress in the undamaged microvol,mes 

594 



of the carrying medium are determined by the relationships e ~ =e~ ~ T) and ~o = _pO(pO, 
T) +T ~ , in which the Mie-Gruneisen equation of state [16] can be used to describe e~ ~ 
T) and p~176 , T). The llooke's law 

d~ ~ 4 ~ 0pO ~r ~ o < T s  (2.4) 
dt -'" 3 po ~t 

i s  a s s u m e d  v a l i d  f o r  t h e  s t r e s s  d e v i a t o r  i n  t h e  e l a s t i c  d o m a i n .  I n  t h e  p l a s t i c  f l o w  d o m a i n ,  
when x ~  t h e  d e v i a t o r  T ~ i s  c o n s e r v e d  a t  t h e  y i e l d  p o i n t  i n  c o n f o r m i t y  w i t h  t h e  l ~ i s e s  
f l o w  c o n d i t i o n .  I n  ( 2 . 4 )  t h e  9 and  T s a r e  t h e  e f f e c t i v e  s h e a r  m o d u l u s  and  t h e  y i e l d  p o i n t  
i n  t h e  m a c r o p a r t i c l e  o f  t h e  d a m a g e a b l e  med ium,  t a k i n g  i n t o  a c c o u n t  t h a t  t h e s e  c h a r a c t e r i s t i c s  

o s h o u l d  b e  d i m i n i s h e d  a s  c o m p a r e d  w i t h  o and  Ts o f  t h e  u n d a m a g e d  m a t e r i a l  i n  a m a t e r i a l  w e a k -  
e n e d  b y  m i c r o d a m a g e .  We a s s u m e  t h a t  t h i s  c h a n g e ,  a s  f o r  ~ a l s o ,  d e p e n d s  on t h e  s h a p e  o f  t h e  
m i c r o d a m a g e  b e i n g  f o r m e d :  ~ = ~ ~  ~ F ( ~ ) ) ,  T s = T ~ ( 1  ~ F ( r  T a k i n g  a c c o u n t  o f  ( 2 . 1 ) ,  
and  t h e  mass  c o n s e r v a t i o n  l a w  ( 2 . 2 ) ,  t h e  r e l a t i o n s h i p  ( 2 . 4 )  c a n  b e  t r a n s f o r m e d  i n t o  

d, ~ 4 [ p  Ou 1 d ~ ]  
- = --$-p . - , ( 2 . 5 )  

dl Po ~r l ~ dt 

w h i c h  shows  t h a t  t h e  d e f o r m a t i o n  due  t o  m i c r o v o i d  g r o w t h  ( s e e  t h e  s e c o n d  t e r m  i n  ( 2 . 5 ) )  m u s t  
b e  t a k e n  i n t o  a c c o u n t  i n  d e t e r m i n i n g  t h e  d e v i a t o r  T ~ i n  t h e  t o t a l  d e f o r m a t i o n  o f  t h e  d a m a g e -  
a b l e  med ium ( s e e  t h e  f i r s t  t e r m  i n  ( 2 . 5 ) ) .  

3. Damage Kinetics 

It is detected [3] in performance of spalling rupture experiments that the degree of 
medium damage under dynamic tension depends on the intensity of the tension wave o and the 
time of action of the applied stress. There are experimental data that indicate that the 
formation and growth of damage depend on the structural parameters ~i, for instance, on the 
species of material being tested [5], and the mechanical characteristics of the specimens 
(grain size, mechanical impurities, orientation of the preliminary mechanical treatment, 
etc.). It was clarified in [4] that other conditions being equal an identical degree of 
damage (total spall, say) can be achieved in a wave of somewhat lower intensity if the direc- 
tion of action of the tensile forces were perpendicular to the technological rolling direc- 
tion. It is shown in [17] that the initial material graininess (copper specimens were test- 
ed) also influences the fracture process, and other conditions being equal a diminution in 
the grain size from 250-350 to 60-70 ~m would result in a lower degree of specimen damage 
(from total spall to initial microdamage, respectively). There are data about the influence 
of preliminary heat-treatment (annealing) and the initial heating temperature To of the 
specimens [18] on the spalling process. Moreover, the already existent microdamage ~ should 
also evidently influence the growth of damage. Therefore, it can be considered that the 
kinetics equation has the form 

= f( ~176 ~, To, hi), ( 3 . 1 )  

and it can be assumed that the submicrodefects existent in real materials (stress concentra- 
tors and submicrovoid seeds) are distributed uniformly over the volume and are sufficiently 
many in number in each elementary microvolume V' of the material being tested; otherwise 
sections of the specimens could be isolated that would possess the theoretical rupture 
strength [19]. Keeping the data of [i] in mind, we note that the kinetics (3.1) can be 
separated into two successive stages, i.e., be represented as 

= ~(a ~ ~o, to, ~1~)+/('~~ ~). 
The first stage is the preliminary kinetic process corresponding to the formation of submi- 
crocavities of the size ~(~<<~). Under the action of tensile stresses ~o on the solid sub- 
microdefects (particles of undissolved impurities, solid phases, etc.) a break in the con- 
tinuity of the carrying medium occurs because of the stress concentration, and then they 
open together with the seed submicrocavities already existent in the initial medium (the gas 
bubbles and blisters) of the bulk content ~o. The second stage is the growth of microdamage 
from submicrophases of the size ~ to certain (limiting) stable microsizes %. We note the 
following here: The formation of macrodamage with characteristic macroscopic dimensions l 
should not be understood as the growth of a unit microcavity of dimension % (or volume V~) 
to the macrodimension I (or to the volume V~, commensurate with V). Macrofracture can yleld 
only a collective of microdamage, each of which has its limiting linear scale dimension %, 
and will reach the critical level of the bulk content ~* =V~/V in a set. The achievement of 
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the critical level ~* results in rather strong attenuation of the strength of the matrix of 
the carrying medium, which is fractured completely in the domain of its skeleton under consi- 
deration. 

At this time there are practically no test data about the fracture parameters at the sub- 
and microlevels for the determination of the function 4- Existing experimental material 
yields mainly macroscopic fracture parameters, the length and flight velocity of the spall- 
ing layer, and only in very few papers, for instance, in [3-5], are there information about 
the limiting size ~ of the microdamage being formed. Hence, we shall consider that when the 
tensile stress o ~ exceeds a certain level oL in the matrix of the carrying medium, then the 
formation of microdamage of the size ~ will occur according to the following kinetics: 

=/(a"--  ~L, ~) ~r ~ <  ~ *andO~ (3.2) 

where the function f can be determined by modeling the conditions of real experiments. 

It is shown in [5] and then in [20] that separation of the specimen occurs when 
achieves a magnitude on the order of 7-10% (i.e., ~*) in a certain section. For ~ =0 the 
stress o in a macroparticle of damageable medium will agree with the true stress ~o, while 
F(~) =0. As $ grows, the average stress o diminishes and for ~ =~* the quantity is F(~) =I, 
while simultaneously the stress is o =0, which will correspond to total fracture of the 
macroparticles, although the true stress o ~ can indeed be different from zero at this instant 
in its individual microparticles. As the damage ~ grows the threshold level of the fractur- 
ing stresses o L should diminish (compared with the level ~ needed to form damage in a mono- 
lithic specimen), for which we take oL =~(i -- F(~)) analogously to (2.3), by assuming that 
additional damage can be caused by already lower tensile stresses o ~ in the specimen macro- 
particle being tested, ~ich is weakened by microdamage. 

It follows from an analysis of experiments on spalling fracture by the impact of plates 
with velocity Vo, when a sufficient duration of the wave impulse is realized, that for fixed 
materials and an impactor and target length of 11 -- 12 it is possible to introduce: the 
threshold velocity of the plate impact v s corresponding to the beginning of the intensive 
seeding and opening of the submicrocavities (for whose determination experiments are required 
with a study of the structure of the specimens being loaded at the sub- and microlevels); the 
threshold velocity Vm corresponding to the beginning of the formation of microdamage (denoted 
by vl in [3]) and dependent on the selection of that level of submicrocavity volume which 
will be taken as the passage to microdamage (it is correctly noted in [3] that the velocity 
v~ determined experimentally corresponds to damage which is not initial), the threshold 
impact velocity vf resulting to macrodamage, spall cracks separating the specimens into parts 
because of cumulative micro- to mmcrodamage (denoted by v2 in [3]), and finally, the thresh- 
old velocity v d denoting the passage to spall macrofracture with preliminary formation of 
microdamage (i.e., smooth or rough). The introduction of threshold impact velocities permits 
separation into experiments with Vo <Vs, Vs~Vo <Vm, Vm~Vo <vf, vf~.~Vo <Vd, Vo~Vd, which 
corresponds to no fracture at the target, the formation and opening of submicrodamage with 
characteristic size ~, the formation of macrodamage of size ~ comparable to the macroscopic 
dimensions of the specimens being tested (~<< %<<Z) and being characterized by the delay of 
fracture determined by the kinetics (3.1), and the formation of through macrocracks in a 
specimen without the delay in fracture. Such a classification of the impact velocity Vo 
affords the possibility, say, of explaining the existing difference in the interpretation 
of experiment data in [6] and [18] on the influence of the initial heating of the specimens 
To. Specimens of annealed aluminum (Z2 =5-40 mm) were loaded by a hollow aluminum vessel 
(I~2 mm) at a velocity Vo from 300-1200 m/sec at the initial temperature 20 and 320~ in 
[6]. In all the experiments, complete spall and autonomous motion of the spalling layer 6" 
were observed on the interferograms of the free surface velocity W(t). The processing of 
the experimental measurements performed in [6] showed that the selected values of the ini- 
tial temperature To do not influence the spall, and in particular, the dependence of the 
specimen longevity on the maximal rupturing stress, in which connection a deduction is made 
in [6] about the athermy of the spalling fracture process. In [18] a dependence of the crit- 
ical ~ impact velocity v, (for which damage formation is still not observed visually) on the 
initial temperature To is obtained for a number of metals. A 5% increase in v, resulted in 
partial fracture in the form of local macrocracks, and a subsequent increase in the impact 
velocity resulted in the separation of the spalling layer in the central part of the speci- 
men, being accompanied by the growth of the surface of separation because of the opening of 
the mainline macrocracks along the edges. In a first approximation it can be considered for 
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an upper bound that Vm~V,, while vf~(l-0.O5)v,. In [18], the velocity v,~v m =253 m/see 
is determined for a 20-mm-long plate of unannealed aluminum AD-I loaded at To~0~ by impact 
from a A~Its alloy with Z~ =4 ~, while vf~265 m/sec. Interpolation of experimental data 
for the temperature Too =20~ (normal initial conditions) yields the velocity values Vmo~ 
247 m/see, Vfo~260 m/see, and Vm~168 m/see and vf~176 m/sec, respectively, for To =320~ 
It is also clarified in [18] that under conditions close to normal, preliminary annealing 
diminishes the velocity v, by approximately 10%, while the dependence v,(To) for annealed 
material (copper) approaches the dependence v,(To) for unannealed material as To increases, 
and agrees with it for To>~600~ 

It follows from the data presented above that in all the tests [6] the condition vo >vf 
was satisfied, which is strengthened if the following is taken into account: Annealed speci- 
mens of aluminum (which yields a diminution in vf for To--Too) were tested in [6], moreover, 
for To >Too the velocity vf diminishes as To grows. It is clear that when the tension wave 
energy exceeds the energy needed for spall (i.e., for vo >vf), it is difficult to expect 
noticeable influence of the temperature on the spall process for 20~176 The situa- 
tion is different when the tension wave energy is close to the spall energy (vo~vf). Under 
these conditions the influence is shown in [18] of the temperature To on the magnitude of 
the threshold velocities v m and vf and on the spall kinetics for To >Too and To <Too~ 

4. Numerical Results 

The model of a damaged medium was used for a numerical description of the spalling frac- 
ture of plates under experiment conditions [12]. An Armco-iron target was loaded by impact 
of an aluminum plate at a velocity of vo =600 m/see in [12]. The following three pairs of 
plates l~ -- ~2 (in mm) were tested: 5-10, 2-10, 2-20, for which the velocity profile of 
the external free target surface W(t) was recorded by a capacitive method. Several versions 
of the kinetic equation (3.3) were considered in the model computations, which showed that 
the following kinetics works well enough: 

which agreed satisfactorily with existing experimental al~ computational facts. The compu- 
tational data for the experiments [12] are presented in Fig. 2 in the form of velocity pro- 
files for the free target surface W(t) (curve 1 for the pair 5-10; curve 2 for the pair 2-10; 
and curve 3 for the pair 2--20) obtained for the following values of the kinetic constants 
TK =0.07 ~sec; ~ =1.8 GPa~ ~* =0.075: F(~) =(~/~,)i/2; eS ~ =0. It is seen from Fig. 2 that 
the computed (solid lines) and experimental (dashed lines) data are in good enough qualita- 
tive agreement. The greater misalignment in curves 3 for a 20-mm-long target is possibly 
caused by the influence of side unloading. Analysis of the test conditions [12] showed that 
the impact velocity vo realizable is greater than the corresponding threshold velocity vf 
for the pairs of plates 11 -- ~ being tested. To describe the fracture in the broader 
range of loading, information is needed about the collision of the plates (we assume the 
2--10 pair) at lower impact velocities close to vf when partial damage (vo <vf) and initial 
total spall (vo~vf) would be realized. The total compression impulse formed in the target 
when testing the plates 5--10 is shown in Fig. 3b. The direction of motion of the 
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compression $2 and rarefaction fronts RI is shown by arrows in the diagrams of G(r). After 
emergence of the forward front of the compression pulse $2 on the right free surface of the 
target FS2r (see the G(r) diagram for t =2.00 ~sec), the formation of the unloading wave R2 
moving back from the surface FS2r occurs. The location of the opposite rarefaction waves Ri 
and R2 is shown by the ~(r) diagram at t =2.40 ~sec. The collision of the waves R, and R2 
results in the formation of a tensile pulse. The tensile stress diagrams G ~ presented in 
Fig. 3 in the form of dashwdot lines at the times t =2.92, 2.96, 3.00, 3.04, 3.08 usec were 
computed under the assumption that damage does not occur in the target for any tensile stress 
intensity. At the same times, but in the form of dashed lines, the diagrams ~ obtained with 
the microdamage (microcracks) being formed being taken into account, are represented. Com- 
parison of the results obtained (compare the dash--dot and dashed lines) shows the strong 
influence of the microdamage being formed on thewhole flow pattern. The growth of the 
specific bulk content of the microdamage in the target at the same times t is shown in Fig. 
4. It follows from the data in Fig. 4 that the damage zone is localized in the middle part 
of the target, while the most dangerous section is at the depth Z* =6.2 mm. It is seen from 
the ~(r) and ~(r) diagrams at t =2.92 ~sec that the formation of microdamage of even a very 
small quantity will result in considerable stress relaxation G(r, t). At the time t =3.16 
~sec fracture of the skeleton of the target matrix and formation of through macrocracks occur 
at the depth Z*. Shown in Fig. 3a are the domain of total target fracture 6 (see Fig. 4, 
also) and the length of the separating layer 6*. At the times t =3.20, 3.60, 4.00 ~sec the 
further evolution of the separating tension pulses I and II acting in the remaining (larger) 
part of the target and the layer being isolated 6" is shown by G(r) diagrams here. Accord- 
ing to the output of the tension pulse II on the external undamaged free surface FS2r, its 
reflection occurs in the form of a compression pulse (see the G(r) diagrams at t =3.20 and 
3.60 ~sec). For the return motion and reflection of the compression pulse from the internal 
free surface layer 6*, which has a damaged (cracked) surface, noticeable attenuation in the 
newly formed tension wave is observed (see the ~(r) diagrams at the times t =3.60 and 4.00 
~sec). 

Now, let us examine a series of experiment tests [21] in which a steel St. 3 target of 
different lengths (Z2 =5, I0, 20, 25, 30, and 40 mm) was loaded by a steel impactor (ZI =1.06 
mm, vo =960 m/see). Test data taking account of the measurement errors for 6" and w* men- 
tioned in [21] (the mean flight velocities of the spalling layer) are represented as rec- 
tangles in the coordinate plate (6*, w*) in Fig. 5. Numerical results obtained, respec- 
tively, by using instantaneous spall [7] and a damaged medium model schemes, are shown by 
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the points I and II. The data presented in Fig. 5 confirm the deductions made in [7]. In 
particular, the instantaneous spa!l scheme (points I) describes tests i and 2 quite well, 
while there is a considerable discrepancy in the results obtained by using the damaged 
medium model (points II) for these tests. This is conceivable since spalls almost smooth 
are realized in tests 1 and 2. Conversely, good correspondence is observed for points !I 
and tests 3-5, when spalling fracture is determined in longer targets as the intensity of 
the tension pulse being formed is reduced (because of shock damping in the bulk of the speci- 
men) by the microdamage formation and accumulation. Analysis of the data represented affords 
a possibility to assume that the threshold impact velocity v d is realized under the condi- 
tions considered for pairs of plates that are close to the pair tested in test 3 (Zi =1.06 
mm, 12 =20 mm, v d =960 m/sec). The existing mismatch for test 6 is caused by inaccuracies 
in restoring the length 6" in the tests (see [7]), and the possible field of values of ~* 
and w* is marked by dashed lines in Fig. 5. 

In conclusion, we note that energetic expenditures e$ s that go into the formation of 
�9 " " S * mlcrodamage surfaces can be taken into account in the damaged medium model. For e~ = e~/ 

~* in (2.3) numerical experiments are performed in which the quantity e~ was estimated pre- 
�9 ~ * en liminarily (e$ is the energy needed to form the fracture surface of the volume s ), and th 

was variated in sufficiently broad limits. These computations showed that the influence of 
the quantity e~ s on the spall fracture process is small is the proposed model, and the govern- 
ing factor in the dynamic spalling fractures is the formation, growth, and accumulation of 
microdamage. The results represented in the paper show that the damageable medium model 
permits qualitative and quantitative description of existent experimental facts, conception 
and analysis of the fracture condition in the unloading waves, and classification of the 
spalling fracture of plates by the introduction of the threshold impact velocities Vs, Vm, 
vf, and Vd. For further detailing of the model, experimental data are needed not only at 
the macrolevel (fixing the spall crack and the presence of damage) for different impact veloc- 
ities but also at the microlevel, the determination of the threshold impact velocities cor- 
responding to the beginning of the growth of sub- and microdamage, the quantitative estima- 
tion of microdamage, the study of damage zone structure, etc. 

~e author constantly used the attention and comments of R. I. Nigmatulin in the 
research and is deeply grateful to him. 
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