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S H I E L D  P R O P E R T I E S  OF A T H I N  P L A T E  
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In pe r fo ra t ing  a thin pla te  (shield) a h igh-veloci ty  pa r t i c l e  (meteoroid) is sha t t e red  as the r e su l t  of the 
wave p r o c e s s e s  which a r e  genera ted  within it. During the cou r se  of its deformat ion  a veloci ty  field a r i s e s  in 
the par t i c le ;  this  f ield has a nonzero  component perpendicu la r  to the impact  direct ion,  so that the t r a j e c t o r i e s  
of the debr is  pa r t i c l e s  a r e  at var ious  angles  to the t r a j e c t o r y  of the par t ic le ;  these  debr i s  pa r t i c les  then im-  
pact  a t a rge t  plate ,  p laced  behind the shield,  ove r  a much  l a r g e r  a r e a  than the c r o s s - s e c t i o n a l  a r e a  of the 
par t ic le .  This ,  together  with the loss  in m omen tum of the pa r t i c l e  as it pe r fo r a t e s  the shield,  de te rmines  the 
p ro tec t ive  effect  of the shield. 

The p roce s s  involved in the deformat ion  and sha t te r ing  of the par t i c le  in its col l is ion with the shield was 
cons idered  in [1]. In this pape r  we just i fy,  based  on the exper imen t s  conducted in [1], a method of quanti ta-  
t ive ly  es t imat ing  the damage  inflicted on the obs tac le  (target) p ro tec ted  by the shield. The method employed for  
acce l e ra t ing  s tee l  s phe re s  was desc r ibed  in [2]. In al l  our  exper imen t s  we pe rmi t t ed  a p r e s s u r e  of up to 1 m m  
Hg in the space  between the shield and the target .  

It is difficult to give a genera l  descr ip t ion of the p rob l em involving per fora t ion  of a shielded ta rge t ,  s ince 
the m e c h a n i s m  involved in explaining the t a rge t  damage  changes when the dis tance S between the t a rge t  and 
the shield is var ied .  When S is smal l  the impact  onto the t a rge t  is due to a nondiffuse (compact) deb r i s  cloud 
f r o m  a s t i l l  de forming  par t i c le ;  as  S i n c r e a s e s ,  however ,  the damage  to the t a rge t  r e su l t s  in increas ing  m e a -  
su re ,  f r o m  the impact  of the c o a r s e s t  pa r t i c l e s  p r e s e n t  in the concentra ted  debr i s  field. It is n e c e s s a r y ,  t h e r e -  
fore ,  to e s t ima te  the appl icable  in terval  ove r  which the quantity S l=S/d  0 (where d o is the d i ame te r  of the impac t -  
ing par t ic le)  va r i e s  co r respond ing  to a given one of these  t a rge t  damage  mechan i sms .  When the t a rge t  chosen 
is thick (semiinfinite) ,  we can use ,  as  a quant i ta t ive m e a s u r e  of t a r g e t  damage  and, hence a lso ,  of shield e f fec-  
t iveness ,  the depth h of the l a rge s t  of the c r a t e r s  f o r m e d  in the target .  

The exper imen ta l  r e s u l t s  obtained a r e  shown in Fig. 1 in t e r m s  of a se t  of cu rves  showing hl=h/d o 
plotted against  $1; cu rve  1 co r r e sponds  to an impact  of a luminum on a luminum with 6 / d  o = 0.3 (~ is the shield 
th ickness) ;  cu rves  2, 3, and 4, with 5/d0=0.2,  0.6, and 0.67, r e spec t ive ly ,  co r r e spond  to impacts  of s tee l  onto 
D16. Here  and hencefor th ,  the f i r s t - n a m e d  m a t e r i a l  co r r e sponds  to that of the pa r t i c l e  and the second-named  
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to that of the shield; the target  (protected by the shield) is assumed to be of Duralumin. The data shown are in 
good agreement  with the data obtained in [3]; moreover ,  it indicates that, for  S 1 grea ter  than some value in the 
interval f rom 25 to 30, the c ra t e r  depth h I is pract ica l ly  constant. A s imi lar  resul t  was also obtained when the 
shield thickness was taken equal to the limiting thickness 60 of the target  [4] (see Fig. 2, where 61= (~0/d0 and 
the curves  1, 2, and 3 cor respond  to impacts of s teel  onto D16 with 5 /d0=0 .125 ,  0.3, and 0.6, respect ively) .  
The fact  that the target  damage when S 1 is to the left of the interval (25, 30) differs noticeably f rom that when 
S1 is to the r ight  of this interval test if ies to the fact  that when S 1 has a value in this interval a change occurs  in 
the target  damage mechanism. As S i increases  f r o m  a smal l  value to a large  value, it passes  through a cr i t ical  
value in the interval (25, 30) (str ict ly speaking, this s ta tement  applies to a given pair  of materials) .  

The following relat ionship holds for a given target  mater ia l  when impacted by individual debris part icles  
in the range of velocit ies considered:  

60 --~ (t.4 ___ 0.5)h; (1) 

hence, when 81 is large,  the charac te r i s t i c  values 5 o and h a re  equivalent. When S I is small ,  the relat ion (1) is 
invalid owing to the indicated nature of the effect of the debris  par t ic les  on the target.  If we regard  perforat ion 
of the target  as inadmissable target  damage, then the quantity 5 o se rves  as a c r i te r ion  of shield effectiveness.  
The dependence of the total ball ist ic limit thickness 6 2 = (6 +6 0)/d0 on 5 for var ious values of S t < 30 is shown 
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in Fig. 3, where  the cu rves  1, 2, 3, and 4 co r re spond  to i m p a c t s  of s tee l  onto D16 with S1=8.8 , 17.6, 29.4, and 
58.8, r e spec t ive ly .  

Very  detai led expe r imen ta l  data we re  obtained for  l a rge  separa t ions  between the shield and the ta rge t .  
In this case ,  for  a given se t  of m a t e r i a l s ,  the damage  inflicted on the t a rge t  is de te rmined  by the shield th ick-  
n e s s  ~ and the impact  speed v c . It is convenient  to ana lyze  cha rac t e r i s t i c  f ea tu res  of the debr i s  f ields by 
introducing the notion of t a rge t  damage  s t ruc tu re .  The s imp le s t  case  i's that of incomplete  shat ter ing ,  the 
cen t ra l  port ion of the impacted  body r ema in ing  intact.  This  occu r s  when the impact  speed is r e l a t ive ly  low or 
when the shield is v e r y  thin and is a s soc ia t ed  with a weak shock wave propagat ing  through the impact ing p a r t i -  
cle;  an inc rease  in the shield th ickness  is analogous to an inc rease  in the impact  speed v o (contributes to the 
damage).  When ~ and v 0 a r e  suff ic ient ly  la rge ,  comple te  fa i lu re  of  the body occurs .  Dimensions  of cavi t ies  
a r i s i ng  f r o m  individual debr i s  pa r t i c l e  impacts  a r e ,  in this case ,  s imi l a r ;  we shall  hencefor th  r e f e r  to this as 
the U_m'form t a rge t  damage  s t ruc tu re .  A fu r the r  inc rease  in the impact  speed leads to the phenomenon of 
c l ea r ly  defined boundary  cav i t i es ,  indicating a t rans i t ion  to an ~nnular t a rge t  damage  s t ruc tu re .  At high impact  
speeds  (10-12 km/see}  the cav i t ies  inside the annular  region a r e  subs tant ia l ly  l e s s  th~n the boundary cavi t ies .  
The high impae t~pres su res  lead to a d i spers inu  of the body into f inely  divided debr i s  pa r t i c l e s ,  including mel t ing  
and vapor i za t ion  of a port ion of them. These  impact  speeds  g i v e ' r i s e  to a s p r a y  of meta l l ic  dust in the t a rge t  
damage  zone. Much deeper  ~nnular cavi t ies  a r e  f o rmed  by the debr i s  pa r t i c l e s ;  the i r  appea rance  is a s soc ia ted  
with pe r iphe ra l  effects  during the sha t t e r ing  of the shield and the impact ing body. 

With the t rans i t ion  to f a i r l y  thick shie lds ,  the t a rge t  damage  is due, for  the mos t  par t ,  to debr i s  f r o m  the 
shield ma te r i a l .  Moreover ,  a port ion of these  debr i s  pa r t i c l e s  has speeds  substant ia l ly  l ess  than the speed of 
the impact ing pa r t i c l e  and a r e  of i r r e g u l a r  shape,  giving r i s e  to a significant  var ia t ion  in the cavi ty  p a r a m e t e r s .  
F igure  4 is a s t r uc tu r a l  d i a g r a m  fo r  the impact  of s tee l  onto D16, obtained fo r  S l ~60 and d o vary ing  f r o m  0.8 

t o  2.3 m m  ( impacts  l abe l led  1 a r e  for  the case  of incomplete  sha t te r ing  and a r e  placed in zone I; impacts  
label led 2 define the zone II of  un i form ta rge t  damage;  impacts  label led 3 define the zone HI of annular  t a rge t  
damage  s t ruc tu re ;  impacts  label led 4 involve thick shields  and define zone IV; impacts  labelled 5 and 6 define 
the t rans i t ion  zones I I - U / a n d  HI-IV, r e spec t ive ly ) .  The zone boundar ies  a r e  drawn approximate ly .  Diagrams  
of this kind es tab l i sh  the debr i s  f ield boundar ies  and make  it poss ib le  to de te rmine  the na ture  of the t a rge t  
damage  without c a r r y i n g  out the exper iment .  Our expe r imen t s  with sphe re s  of d i ame te r  d0=8 m m  val idate  
such d i ag rams  and con f i rm  the i r  appl icabi l i ty  when the sca le  of the phenomena changes.  

In accordance  with the p r o b l e m  as  fo rmula ted  above,  the bas ic  m e a s u r a b l e  p a r a m e t e r  in our exper imen t s  
is the depth of the l a rge s t  of the cav i t ies  fo rmed  in a thick target .  Our r e su l t s ,  e x p r e s s e d  in t e r m s  of the co-  
o rd ina tes  ~ and ~3=~/do [wherein we used the re la t ion  (1)], a r e  shown in Fig. 5 along with the data f r o m  [3] 
(curves 1 to 3 co r r e spond  to impac ts  of s tee l  onto D16 at  impact  speeds  v0=5.5,  7.5, and 10 k m / s e c ,  r e s p e c -  
t ively;  curves  4 and 5 co r r e spond  to impacts  of s tee l  onto t i tanium and s tee l  onto s teel ,  r e spec t ive ly ,  at an im-  
pact  speed v0=7.5 k m / s e c ) .  Quali tat ively,  these  c a r v e s  a r e  of an identical  nature .  For  v e r y  thin shields ,  82 
tends to a value equal to the ba l l i s t ic  l imi t  th ickness  for  an unshielded ta rge t .  As 63 inc reases ,  62 d e c r e a s e s  
and r eaches  a min imum at some  value of ~ 3 which depends on the impact  conditions. With a fu r ther  i nc rease  
in the shield th ickness ,  the quantity 69 inc reases  and it continues to do so until it becomes  comparab le  with the 
ba l l i s t ic  l imi t  th ickness  for  the given m a t e r i a l  and the impact  speed v 0. Fo r  shields of such th ickness ,  the 
quanti ty h rap id ly  fa l ls  to zero .  An explanation of the behavior  descr ibed  by these  re la t ionships ,  f r o m  the point 
of view of the wave p r o c e s s e s  cons idered  above,  i s  f a i r l y  obvious. 

In analyzing how bes t  to defend agains t  me teoro id  impacts ,  it is e x t r e m e l y  important  to see  how the t a r -  
get damage  changes with an inc rease  in the impact  speed,  s ince at  the p re sen t  t ime it is poss ib le  to obtain ex-  
pe r imen ta l  data only in the lower  range  of me teoro id  ve loci t ies .  Exper imenta l  r e su l t s  show that the depth of 
t a rge t  damage  d e c r e a s e s  as the impact  speed inc reases .  In the veloci ty  range  5 k in / s ee  _<v o _<12 k m / s e c ,  this  
s a m e  r e su l t  was r epo r t ed  by o thers  (see, for  example ,  [5]). In the ma jo r i t y  of pape r s  it was a s sumed  tha t ,w i th  
a subs tant ia l  i nc rea se  in the impact  speed,  the t a rge t  damage ,  with S I l a rge ,  tends to ze ro  as  the r e su l t  of c o m -  
plete vapor iza t ion  of the m a t e r i a l  of the body. Establ ishing the p r e s e n c e  of an annular  t a rge t  damage  s t ruc tu re ,  
de te rmined  by p e r i p h e r a l  e f fec ts ,  c o n f i r m s  the f in i teness  of the t a rge t  damage  for  a r b i t r a r y  impact  speeds.  

When thin shields  (60 < 1) of va r ious  m a t e r i a l s  a re  employed,  the p a r a m e t e r  that  d e t e r m i n e s  the shie ld-  
ing p r o p e r t i e s  is the densi ty  of the shield ma te r i a l ;  i t  is  on this p a r a m e t e r  that  the level  of p r e s s u r e s  in the 
shock wave t r a v e r s i n g  the impact ing  pa r t i c l e  depends (see Fig. 5). As the shield m a t e r i a l  densi ty  d e c r e a s e s ,  
the min imum point on the 62 v e r s u s  53 cu rve  moves  to the r ight  along the 63 axis,  i .e . ,  to s ecu re  the mos t  c o m -  
ple te  b reakup  of the impac t ing  pa r t i c l e  a d e c r e a s e  in the ini t ial  p r e s s u r e  level  in the shock wave mus t  be 
compensa ted  by an i nc r ea s e  in the durat ion of the p r e s s u r e  impulse .  Avai lable  expe r imen ta l  data  conf i rm the 
fac t  that  s t rength  c h a r a c t e r i s t i c s  have  only a weak influence on the shielding e f fec t iveness  of thin shields.  
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The use  of shields leads ,  f i r s t  of all, to a d e c r e a s e  in the weight of the wall  of the s t ruc tu re  being p r o -  
tected,  or ,  ff the shield and wall  a r e  of l ike m a t e r i a l s ,  to a d e c r e a s e  in the s t ruc tu re  wall  th ickness .  Based  
on these  resu l t s ,  we p ropose  the following approx imate  method fo r  p ro tec t ion  f r o m  meteoro id  impacts .  To 
calcula te  the total  ba l l i s t ic  l imi t  th ickness  of shield and ta rge t ,  we employ the re la t ionship  

52 = k6i, 

where  51 is  the re la t ive  ba l l i s t ic  l imi t  th ickness  of a s ingle-wal led  t a rge t ,  ca lcula ted in accordance  with the 
fo rmu la s  given in [4, 6]; k < 1 is  an e m p i r i c a l  coeff icient  which depends on the s a m e  p a r a m e t e r s  as 52. 

F igure  6 shows how k v a r i e s  with 53 for  shields  made of a luminum alloy,  t i tanium, and s tee l  for  the case  
$1> 30 (the impact  p a r a m e t e r s  for  the curves  1 to 5 a r e  the s ame  as  those for  the curves  of Fig. 5). As was to 
be  expected,  the re  is a qual i ta t ive co r r e spondence  between the quanti t ies k and 52, which is mainta ined even 
for  functions of the impact  speed (Fig. 7, impact  of s tee l  onto D16). In specif ic  calculat ions it would be con-  
venient  to have a constant  value of the quantity k, which would hold over  a wide r ange  of impact  conditions. It 
follows f r o m  the data given above that,  for  a wide r ange  of 5 s values  (approx imate ly  0.3 -<53 <_0.8), the quantity 
kl<_0.3. It is c l ea r  that the quantity k1=0.35, with a cor responding  choice of 53, guarantees  that  the t a rge t  will 
not be per fora ted .  Moreover ,  with an inc rease  in the shield ma t e r i a l  density,  the actual  value of k d iminishes ,  
and the k 1 value se lec ted  then guaran tees  a definite marg in  of "nonpe r fo ra~b i l i t y "  of the t a rge t  wall.  The 
tendency for  k to d e c r e a s e  as the impact  speed inc reases  makes  it poss ib le  to extend the p resen t  s cheme  to the 
meteoro id  r ange  (at l eas t  to the lower range) of veloci t ies .  We propose  to se lec t  the shield thickness  f r o m  the 
condition 53 -0~  although the min ima  of the cu rves  in Fig. 6 for  the heavy shields a r e  located to the left  
along the 53 axis ;  a value of the shield th ickness  se lec ted  in this way  provides  a valid choice for  kl  over  a wide 
r ange  of shield m a t e r i a l  densi t ies .  Similar  r eason ing  for  the case  of sma l l  d is tances  between the shield and 
the t a rge t  (5 _<S 1 <-20-25) yie lds  the value k1=0.7. 

The col l is ion of a meteoro id  with a spacec ra f t  is ,  to a cons iderab le  degree ,  a r andom phenomenon 
(in actual i ty ,  this assumpt ion  amounts  to a probabi l i s t ic  model for  actual  s ta t i s t i ca l  data). F o r  the physical  
event in question, the re  a r e  two poss ib le  ou tcomes :  per fora t ion  of the t a rge t  wall  or  nonperfora t ion  of the 
t a rge t  wall;  the mos t  probable  number  of pe r fo ra t ions  ~- is substant ia l ly  l ess  than the genera l  number  of 
me teoro ids  in space ,  i .e. ,  the s ample  s ize  is much g r e a t e r  than the probabi l i ty  P of a posi t ive  outcome of t r i a l s .  
Consequently,  the probabi l i ty  of obtaining n per fo ra t ions  of a space  vehicle ,  P(n), follows the Poisson law 

p(n)  = (~n/n'.)e-~, (2) 

if ~ is a constant  quantity. This  la t te r  a ssumpt ion  is also approx imate ,  s ince it is known that the number  of 
me teo ro ids  (even if we ignore m e t eo r  s t r e ams )  v a r i e s  with t ime.  F r o m  a p rac t i ca l  point of view, an in teres t ing  
ease  is that in which the probabi l i ty  P(0) of no pe r fo ra t ions  is c lose  to one. F r o m  Eq. (2) it follows that 

= - i n  p(0) .  (3) 

Relat ion (3) de t e rmines ,  for  a specif ied re l i ab i l i ty  level  P(0), the most  probable  number  of spacec ra f t  wall  
pe r fo ra t ions  during its t ime  of flight. On the other hand, for  a known frequency of impacts  N(m) (where m is 
the meteoro id  mass ) ,  the number  of such impacts  during the vehicle  t ime  of flight T amounts  to NTQ, where  Q 
is the a r e a  of the vulnerable  su r f ace  of the spacecra f t .  Equating this quantity to the value 1- obtained f rom 
(3), we can obtain the , c r i t i c a l "  me teoro id  m a s s  m t against  which shielding must  be provided in o rde r  to 
guarantee  the r equ i r ed  re l i ab i l i ty  level .  The functions N(m) a r e  of the f o r m  

N(m) = A m  -T, r > 0,; 

t he r e fo re ,  m~ =AQT/r  

Assuming  that the me teoro id  has the shape of a sphe re  and that its densi ty  is equal to some  mean value 
P 0, we can calcula te  the d i ame te r  d 1 of the me teoro id  of co r respond ing  m a s s  m 1. 

Thus,  co r responding  to a speci f ied  re l iab i l i ty  level  and a known meteoro id  model with its attendant func-  
tion N(m), a mean meteoro id  densi ty  P0 and a mean meteoro id  ve loc i ty  v 0, we can de te rmine  the p a r a m e t e r s  of 
the p ro tec t ive  shield and of the vehicle  wall  s t ruc tu re .  This  p rocedure  is  i l lus t ra ted ,  by way of exaniple,  in 
Fig. 8, where ,  for  var ious  , e x p o s u r e s "  QT, the solid cu rves  show how the single wall  thickness depends on the 
specif ied re l i ab i l i ty  level;  the dashed curves  show the cor responding  dependence for  the s u m o f  the shield and 
t a rge t  wall  th icknesses  (curves 1 to 5 co r r e spond  to exposure  values (in units of m 2. h) of 4.5 �9 103; 1.1 �9 105; 
6.75.105; 1.7.  106; and 3.4" 106, r e spec t ive ly ) .  In our calcula t ions  we used Whipple 's  me teoro id  model  (see [7]): 

N (m) = t0 -l~.'~s (0.44/p0)~.~ m -1"3~, P0 = 2.7 g/cm 3, v 0 = 30 kin/see. 
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In our calculations of the shielded wall, we used a value of S 1 > 30. 
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