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Loading by detonating a sheet  explosive charge  is widely used in p rac t i ce  in explosive  expe r imen t s .  This  
includes,  for  example ,  hardening and explosive welding [1], and the invest igat ion of spal la t ton damage  in me ta l s  
[ 2-4]. Combining this s imple  method for  loading with a calculat ion of the flow of the s t r e s s e d  m a t e r i a l  has 
provided compara t ive  r e su l t s  on the spal la t ion damage  in a number  of me ta l s  and p o l y m e r s ,  which, in the i r  
turn,  can be compared  with r e su l t s  obtained with o ther  conditions of pulsed mechanica l  loading (detonation of 
a block explosive ,  impact  by a plate) .  

The setup of the expe r imen t s  involving loading of pla tes  by a detonation of a sheet  charge  of p las t ic  ex-  
plos ive  and the wave propagat ion that  is r ea l i zed  with such a scheme  a r e  p resen ted  in [2]. The meta l  s amples  
studied were  cut out of cor responding  rod- shaped  m a t e r i a l s  and p las t ics  were  cut out of shee t s .  The d imen-  
sions of the s t r e s s e d  su r f aces  were  chosen sufficiently l a rge  in o rde r  to e l iminate  the effect  of l a t e r a l  loading 
and the initial nons ta t ionary  loading zone on the p r o c e s s  of spal lat ion.  The loading charge  was initiated by a 
l inea r  detonation wave g e n e r a t o r  consis t ing of a pe r fo ra t ed  p las t ic  explosive [5]. After  loading, the nature  of 
the spal la t ion damage was observed  visual ly  and the th ickness  of the spal led l aye r  was m e a s u r e d .  

The flow field in the detonation products  and in the s t r e s s e d  m a t e r i a l s  was computed numer ica l ly  by the 
method of c h a r a c t e r i s t i c s .  The computat ional  method used is descr ibed  in detail  in [6, 7]. The expansion 
i sen t ropes  of the detonation products  were  a s sumed  to follow a cubic polyt ropic  curve ,  the equation of s ta te  
of the m a t e r i a l s  invest igated without taking into account the effects  of s t rength  and change in ent ropy along 
the shock-wave front  were  a s sumed  to be known l inea r  D - u  re la t ions  between the wave and m a s s  ve loci t ies ,  
and, in addition, it was a s s um ed  that they could be ex t rapola ted  to negative p r e s s u r e s .  In the calculat ions,  
we de te rmined  the m a x i m u m  negat ive p r e s s u r e  p in a plane cor responding  to f r ac tu re  fa i lure  and the p r e s s u r e  
gradient  Ap/Al in the s t re tch ing  pulse ,  whose shape in this case  was near ly  t r i angu la r .  These  p a r a m e t e r s ,  
cha rac t e r i z ing  the fa i lure- inducing  s t re tch ing  pulse ,  were  success fu l ly  compared  in [ 8] in s t r e s s i n g  a number  
of me ta l s  by detonating a block explos ive .  
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Fig. 3 

Figure  1 shows the computed dependence of the veloci ty  of the f ree  su r face  of an a luminum piate loaded 
by the detonating sheet  charge  as a function of the d imens ion less  th ickness  of the plate h2/h 1 (hi is the th ick-  
ness  of the explos ive  l aye r ,  h 2 is the th ickness  of the a luminum plate) and the r e su l t s  of m e a s u r e m e n t s  of the 
veloci t ies  of thin a r t i f ic ia l  spal ls  (AMts a luminum alloy 1 [2], AMg aluminum alloy 2 [3]). The sa t i s f ac to ry  
a g r e e m e n t  between the computed and expe r imen ta l  r e su l t s  indicates the poss ib i l i ty  of using the computat ionai  
method used for  p las t ic  me ta l s  and p o l y m e r s .  In the case  when meta l s  that have significant  shear ing  s t rength 
a r e  s t r e s s e d ,  the shock wave propagat iug through the m a t e r i a l  will be m o r e  intensely damped and the ca lcu-  
la t ion can only es t ima te  the upper  l imit  for the ampli tude of the shock wave reaching  the f ree  sur face  of the plate.  

Figure  2 shows the r e su l t s  of expe r imen t s  with Adl a luminum [h 3 is the th ickness  of the f i r s t  spal led 
l a y e r  (the ave r age  value of the th ickness  de te rmined  by not l e s s  than 10 m e a s u r e m e n t s ) ,  m e a s u r e d  here  for  
values  of h 2 equal to 2 m m  (1), 4 m m  (2), 8 m m  (3), 12 m m  (4) and in the absence  of v isual ly  observab le  s e p -  
a ra t ion  (5)], indicat ing the exis tence  of a sca le  effect  for  spal la t lon of a luminmn,  a lso  observed  in expe r i -  
ments  on the col l is ion of a luminum plates  [9, 10]. A s i m i l a r  effect was a lso  obse rved  for  o ther  m a t e r i a l s  in-  
ves t iga ted  in this work.  The values of h 3 obtained by l inear  extrapolat ion,  cor responding  in Fig. 2 to the ab-  
sence of v isual ly  observable  separa t ion  of l a y e r s ,  cor respond  to sec t ions  that a r e  m o r e  suscept ib le  to spal lat ion.  

This  is suppor ted  by a m o r e  detailed examinat ion  of m ic ro sec t i ons  using a m i c r o s c o p e .  In Fig. 3a (h i = 
0.34 ram,  h 2 = 8 mm) ,  a spal la t ion damage  zone that has a l ready  been complete ly  fo rmed  is obse rved  in the 
sample ,  although sepa ra t ion  of l a y e r s ,  i .e . ,  spal lat ion,  occurs  only with subsequent  inc rease  in the load inten- 
s i ty [Fig. 3b (h:t =0.37 ram,  h2=8 mm)].  

The s ta r t ing  data used in the calculat ions and the range of the m e a s u r e d  values of h i and h 2 a r e  p r e -  
sented in Table  1 (p is the density,  Co and • a r e  the coeff icients  in l inea r  D--u re la t ions) ,  and the r e su l t s  of a 
numer ica l  ana lys i s  of the expe r imen ta l  data a r e  p resen ted  in Fig. 4 (the numbers  in Fig. 4 cor respond  to the 
numbers  of the m a t e r i a l s  in Table  1) in the va r i ab les  (3v"&p/-~'/, p). The choice of va r i ab les  s t ems  f rom an 
a t tempt  to s y s t e m a t i z e  the r e su l t s  obtained using the ene rgy  c r i t e r i a  for  spal la t ion damage  p resen ted  in [11], 
which consis t  of an energy  balance equation for  fa i lure .  In appl icat ion to the r e su l t s  of the p r e sen t  work,  the 
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TABLE 2 

IResults of [Loading by ~ .. It L .iLoading i ] 
thepres_ldetonat" I~O~l~tge I - _. [~tesultsozjb.yd'etonat-g.oading- 

Material ent work ing a~ I Y 1J ,~ Materim Ithe pres-I i'n~ a. tbv plate 
~bloek lirnpaet II ~ent work]bt6ett li~paet 

I O3 I L4- I t , a -  
(~,6 4,4 -- J 24 -- ilSt. 3steel I 3,3 I [ 32 -- 

CopperNicEel 3,0 I 9,2 -- j 4 0 -  ~PlexiglaS �9 I o,i5 I j0,65 ~,0~ 

energy  c r i t e r ion  for  spal la t ion has the f v r m  p 3 / ( & p / A l ) = 6 p c  2 3/, i .e . ,  the s tored  e las t ic  energy  in the s t r e t ch -  
ing pulse is equal to the work  3+ expended on separa t ing  the spal led l aye r .  

The cons iderable  s ca t t e r  in the r e s u l t s  obtained (Fig.  4) indicates that the r e su l t s  cannot be uniquely 
r ep re sen ted  in the fo rm of c l e a r - c u t  dependences p (&p/Al), as  was done in [ 8]. The magnitude of the p a r a m -  
e t e r  - / c an  thus change signif icant ly and a r b i t r a r i l y  in expe r imen t s  conducted with spec imens  p r e p a r e d  f rom 
the same m a t e r i a l .  Thus,  for  AD1 alttminttm andTeflon,  for  which a cons iderable  number  of expe r imen t s  were  
p e r f o r m e d ,  the magnitude of the p a r a m e t e r  ~ varies ove r  the ranges  1.3-7.1 and 0.3-1.1 J / c m  2, r e spec t ive ly .  
In o rde r  to compare  the m a t e r i a l s  studied,  it is apparen t ly  useful to choose the lower  value of the p a r a m e t e r  
3', which can be de te rmined  for  each of the m a t e r i a l s ,  the reby  fixing the l imi t s  of the spal la t ion damage  zone 
and conserv ing  the continuity in Fig. 4. The magnitude of the minimtm~ effect ive fa i lure  ene rgy  3~mtn will in 
this case  c h a r a c t e r i z e  the n e c e s s a r y  but not sufficient conditions for  spal la t ion of the m a t e r i a l s  invest igated 
under  analogous or  compat ib le  conditions of pulsed mechanical  loading. The values obtained fo r  the magnitude 
of 3 'min a r e  p resen ted  in Table  1. It should be noted that  the t i tanium and 12Kh18N10T s teel  s amples  with 
th ickness  up to 4 m m  did not withstand spal lat ion,  while the es t imated  values of 3~min for  these m a t e r i a l s  
were  de te rmined  under  the a r b i t r a r y  assumpt ion  of a weakes t  ave rage  c ro s s  sect ion of the spec imen  (h 3 =h2/2). 
In o rde r  to c r ea t e  the conditions for  pulsed mechanica l  loading of the m a t e r i a l s ,  we used a p las t ic  explosive 
of densi ty  1.52 g / c m  z and a detonation veloci ty  of 7.8 k m / s .  In ca r ry ing  out the numer ica l  ana lys i s  of the ex -  
pe r imen ta l  r e su l t s  of [2-4], calculat ions were  p e r f o r m e d  fo r  the explos ives  used in these works .  

Let us point out some of the p r o p e r t i e s  of the v isua l ly  obse rved  fa i lure  in the mater i  als invest igated.  
For  the m e t a l s ,  with the except ion of St. 3 s teel  and cas t  i ron,  the externa l  appearance  of the fa i lure  sur face  is  
dull and s t r ingy,  which indicates  the viscous  nature  of spal la t ion in these  m a t e r i a l s .  In re f lec ted  light, r e -  
f lections f rom the spaUation su r f aces  can be seen  on the fa i lure  sur face  of St. 3 and cas t  iron, which indicates 
the br i t t le  nature  of the fa i lure .  The m o r e  coa r s e  and even appearance  of the fa i lure  sur face  for  polyethylene,  
l e s s  coa r se  for  Teflon, andquite  e v e n f o r  P lex ig las  and Textol i te ,  which fai ls  along the binder  l a y e r s ,  should be 
noted. When the shock wave that r eaches  the f r ee  sur face  has a sufficiently high intensi ty,  a c l ea r ly  e x p r e s s e d  
double spal la t ion  was obse rved  in Plexiglas  and Textol l te ,  and, in addition, the th ickness  of the second spal ted 
l a y e r  exceeded,  by not l e s s  than a f ac to r  of 2, the th ickness  of the f i r s t  l aye r ,  while in Teflon and polyethylene 
a zone in which l a y e r s  of the m a t e r i a l  were  separa ted  was observed  behind the spal led l aye r .  For  a luminum,  
on the other  hand, the second spal led l a y e r  had approx ima te ly  half the th ickness  of the f i r s t  l aye r .  The ob- 
s e rved  effects  a r e  explained in [12] f r o m  the point of view of a kinetic approach and a re  apparentl3 re la ted  to 
the d i f ference  in the spaUation m e c h a n i s m s  in br i t t le  and ductile m a t e r i a l s .  

It is useful to com pa re  the r e su l t s  obtained in the p resen t  work with the r e su l t s  obtained under d i f fe r -  
ent conditions of pulsed mechanica l  loading. Under impact  loading by a plate,  the shape of the s t r e t c h i n g p ~ s e  
is near ly  r ec t angu la r ,  while under loading by detonating a sheet  charge and a block charge  it is near ly  t r l -  
angular .  The ene rgy  c r i t e r ion  for  these  cases  is wr i t ten  in the fo rm pPl = 2pcP0~/ and p2l = 6pc023, r e spec t ive ly  
(l is the leng-Lh of the s t re tching pulse ,  and in the p re sen t  work l=hJcos (aresln (c0/D)), where  D is the detona-  
t ion ve loc i ty  of the explosive  charge) .  The values of "/rain obtained by plate impact ,  detonating a block ex-  
p los ive ,  and those obtained in the p resen t  work by detonating a sheet  explosive charge  are  p resen ted  inTab le  2. 
One can see the d i f ference  in the values  of the effect ive fa i lure  energy  de te rmined  in this manner ,  which is 
apparen t ly  re la ted  m o r e  to the change in the scale  of the sy s t em than to a change in other  p a r a m e t e r s  of load-  
ing (loading intensi ty,  f o rm of the load -de fo rmed  state,  andothers ) .  This  is a l so  indicated,  for  example ,  by the 
i nc rea se  in the quantity Train to 9 J / c m  2 for  St. 3 [3, 4] with a loading method s i m i l a r  to that used in this work 
arid an inc rease  in the sca le  of the s y s t e m  and the dec r ea se  in the magnitude of ~/min for  a luminum 6061-T6 
to 1 J / c m  2 [14] under  loading by plate  impact  and a d e c r e a s e  in sca le .  Such cons iderable  coupling of the e f -  
fect ive spal la t ion ene rgy  of m a t e r i a l s  with the sca le  of the s y s t e m  appea r s  to s t em f rom the fact that the initial 
s tage o.f the fa i lure  p r o c e s s ,  nucleation and development  of pores ,  in the case  of a viscous  m a t e r i a l  or  c racks  
in the case  of a br i t t le  fa i lure ,  occurs  in a volume whose c h a r a c t e r i s t i c  s ize is comparab le  to the s ize of the 
loading s t r e s s i n g  pulse [15]. Thus,  it m a y  be a s sumed  that the energy  absorbed  Init ially is propor t ional  to the 
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scale of the sys tem,  while the energy absorbed in the final stage,  when the damage coalesces  into a mainline 
crack,  depends on the scale to a much l e s s e r  extent .  This is also indicated by the more  weakly manifested 
scale effect (see Fig. 2), compared with the purely  energet ic  effect  [ 11], in the p resence  of spallatlon, also 
observed in other  works [9, 10, 14]. 

Thus, the effective fai lure  ene rgy  obtained in exper iments  on f ractur ing,  revea led  in [16], while sig- 
nificant in m e a su remen t s  for  compar ing the spallation conditions of different  ma te r i a l s  under identical  loading 
conditions, cha rac t e r i ze s  the p roper t i es  of the loading sys tem more  than the int r ins ic  p roper t i e s  of the ma t e -  
r ia l .  The value of the fai lure energy  that cha rac t e r i ze s  the p roper t i es  of the mate r ia l  can be de termined if 
the scale of the sys tem is decreased  or  the available resu l t s  a re  somehow extrapolated to conditions under 
which fai lure  is local ized in a zone with a cha rac t e r i s t i c  s ize of the o rde r  of the size of a grain.  Inthis  sense 
it is of in teres t  to compare  the effective spallation energy  to the propagation energy of a single c rack  Glc 
obtained under conditions of plane deformat ion.  The values of Glc presented  in [17] for  7075-T6 aluminum, 
low-alloy s tee ls ,  and Plexlglas ,  a re  0.8, 1, and 0.07 J / c m  2, respec t ive ly ,  and apparent ly  a re  ex t r eme  values 
for  the quantity 7 for  decreas ing  scale .  
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